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P 2 = spi, Q
2 =
(P ·Q)2
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− spiY 2, L2 = s`, N2 = 2m2` − s`,
P ·Q = M21 −M22 ,
P · L = 1
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Q · L = (P · L)(P ·Q)
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ν`L (plµpνρσ
µρ) ` =
i
2
ν`L (6p` 6pν− 6pν 6 pl) ` = i ν`L (pl.pν) `
= i
sl
2
(1 − zl) ν`L `
= −i
sl
2ml
(1 − zl) ν`L γ
µ
` (k − p1 − p2)µ
⇒ R
ν`L (plµp1ρσ
µρ) ` =
i
2
ν`L (6p` 6p1− 6p1 6 pl) ` = iml ν`L 6p1` + iν`L (p1.pl)`
=
iml
2
(ν`L γ
µ
`)[(p1 + p2) + (p1 − p2)]µ
−
i
4ml
(P · L + P · N + Q · L + Q ·N) (ν`L γ
µ
`) (k − p1 − p2)µ
⇒ F, G, R
ν`L (plµp2ρσ
µρ) ` =
i
2
ν`L (6p` 6p2− 6p1 6p2) ` = iml ν`L 6p2` + iν`L (p2.pl)`
=
iml
2
(ν`L γ
µ
`)[(p1 + p2)− (p1 − p2)]µ
−
i
4ml
(P · L + P · N −Q · L −Q ·N) (ν`L γ
µ
`) (k − p1 − p2)µ
⇒ F, G, R
ν`L (pνµp1ρσ
µρ) ` = −i ν`L (p1.pν) `
=
i
4ml
(P · L− P ·N + Q · L−Q · N) (ν`L γ
µ
`) (k − p1 − p2)µ
⇒ R
ν`L (pνµp2ρσ
µρ) ` = −i ν`L (p2.pν) `
=
i
4ml
(P · L− P ·N −Q · L + Q · N) (ν`L γ
µ
`) (k − p1 − p2)µ
⇒ R
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dΓ =
1
2M(2pi)8
∑
spins
| T |2 d(k; p`, pν , p1, p2).  
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∑
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spi, s`, θpi, θ`
3
φ @
7""
)
*
∑
spins
| T |2 = 2G2F | Vus |2M−2J5(spi, s`, θpi, θ`, φ)  
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dΓ5 = G
2
F | Vus |2 N(spi, sl)J5(spi, sl, θpi, θl, φ)dspidsld(cos θpi)d(cos θl)dφ  
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J5
#"
J5 = |F |2
[
(P · L)2 − (P ·N)2 − spis` +m2`spi
]
+ |G|2 [(Q · L)2 − (Q ·N)2 −Q2s` +m2`Q2]
+ |R|2 m2`
[
s` −m2`
]
+
1
M4
|H|2 [(m2` − s`) [Q2X2 + spi(Q · L)2 + s`(P ·Q)2 − 2(P ·Q)(Q · L)(P · L)]− < LNPQ >2]
+ (F ∗G+ FG∗)
[
(P · L)(Q · L)− (P ·N)(Q ·N)− (P ·Q)(s` −m2l )
]
+ (F ∗R+ FR∗) m2l [(P · L)− (P ·N)]
+
1
M2
(F ∗H + FH∗) [(Q ·N)(P · L)2 − (Q · L)(P · L)(P ·N)− spis`(Q ·N) +m2l spi(Q · L)
− m2l (P ·Q)(P · L) + s`(P ·Q)(P ·N)]
+ (G∗R+GR∗) m2` [(Q · L)− (Q ·N)]
+
1
M2
(G∗H +GH∗)[(P · L)(Q · L)(Q ·N)− (P ·N)(Q · L)2 + s`(P ·N)Q2 −m2l (P · L)Q2
+ m2l (Q · L)(P ·Q)− s`(Q ·N)(P ·Q)]  

2"!<' #
+
i
M2
< LNPQ > [−(F ∗G− FG∗)M2 + (F ∗H − FH∗)(P ·N)
+ (G∗H −GH∗)(Q ·N) + (R∗H −RH∗)m2` ]

K`4
+
m`
2M
(FT ∗ + TF ∗)[spi(Q ·N)− spi(Q · L) + (P ·Q)(P · L)− (P ·Q)(P ·N)]
+
ml
2M
(GT ∗ + TG∗)[−Q2(P ·N) +Q2(P · L)− (P ·Q)(Q · L) + (P ·Q)(Q ·N)]
+
m`
2M
(RT ∗ + TR∗)[−(Q · L)(P ·N) + (P · L)(Q ·N)] + im`
2M
(RT ∗ − TR∗) < LNPQ >
+
m`
2M3
(HT ∗ + TH∗)[−2(P · L)(P ·Q)(Q · L) + (P · L)(P ·Q)(Q ·N) +Q2(P · L)2
− Q2(P · L)(P ·N) + spi(Q · L)2 − spi(Q · L)(Q ·N) + (Q · L)(P ·Q)(P ·N) + s`(P ·Q)2
− (N · L)(P ·Q)2 − s`spiQ2 +Q2spi(N · L)]
+
1
8M2
|T |2 [s`spiQ2 − s`(P ·Q)2 − 2(P · L)2Q2 + 4(P · L)(Q · L)(P ·Q)− 2spi(Q · L)2 − spiN2Q2
+ N2(P ·Q)2 + 2(P ·N)2Q2 − 4(P ·N)(Q ·N)(P ·Q) + 2spi(Q ·N)2] .
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 P ·Q = 0 #
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dΦ = (2pi)4δ(4)(p1 + p2 + p` + pν − k)× d
3p1
(2pi)32E1
d3p2
(2pi)32E2
d3pl
(2pi)32E`
d3pν
(2pi)32|pν |
,
1 :1#H"#"!3$*3ﬁ
-
ﬃ#"¥# #"
%
ﬀﬁﬂﬂﬃO#3/"#"
Ei =
√
p2i + p
2
i .
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dΦ =
∫
d4P
∫
d4L (2pi)4δ(4)(P + L− k)× d
3p1
(2pi)32E1
d3p2
(2pi)32E2
δ(4)(p1 + p2 − P )×
d3pl
(2pi)32E`
d3pν
(2pi)32|pν |
δ(4)(p` + pν − L) .
<$  ﬂﬃ8"%ﬃ"H"1 ﬁ7"1ﬀﬂﬃ'($∫
d4P
∫
d4L =
∫
spi
∫
s`
∫
d4P
∫
d4Lδ4(spi − P 2)δ4(s` − L2)
3B"#"
4
'(ﬁ
+
/"#"
δ[f(x)] =
∑
xo
δ(x− xo)
|f ′(xo)| ,
1 :1#
xo
"#"4=!3ﬁ'0" # 
4 
I#
,∫
d4Pδ(4)(P 2 −M2) =
∫
1
2EP
d3P EP =
√
P 2 + P 2.
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δ
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dΦ =
1
4M2
(2pi)5
∫
dspi
∫
dsl λ
1/2(M2, spi, sl)Φpipi Φlνl ,
1 :1#H":97#"
%
l# # #"
% 8
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
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%
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Φpipi =
∫
d3p1
(2pi)32E1
d3p2
(2pi)32E2
δ(4)(p1 + p2 − P )
=
1
(2pi)5
1
8spi
λ1/2(spi,M
2
1 ,M
2
2 )
∫
d(cos θpi) ,  
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Φlνl =
∫
d3pl
(2pi)32E`
d3pν
(2pi)32|pν |
δ(4)(p` + pν − L)
=
1
(2pi)6
1
8
(1− zl)
∫
dφ
∫
d(cos θl) .  
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d5Φ = M3N(spi, sl)dspidsld(cos θpi)d(cos θl)dφ ,
< :1#
@
N(spi, sl) =
(1− zl)Y X
213pi6M5
.
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J5 = 2(1− z`)
[
I1 + I2 cos 2θ` + I3 sin
2 θ` · cos 2Φ + I4 sin 2θ` · cos Φ + I5 sin θ` · cosΦ
+I6 cos θ` + I7 sin θ` · sinΦ + I8 sin 2θ` · sinΦ + I9 sin2 θ` · sin 2Φ
]
.  


2"!ﬁ #
1 :1#
I1 =
1
4
{
(1 + z`)|F1|2 + 1
2
(3 + z`)
(|F2|2 + |F3|2) sin2 θpi + 2z`|F4|2}+ 1
32
z`
{
2spis`(1 + z`)
+ sin2 θpi
[
2X2(1 + 3z`)− spis`(1− z`)
]}|F5|2 − 1
2
z`(P · L) sin2 θpiRe(F2F ∗5 )
−1
2
z`X sin
2 θpiRe(F3F
∗
5 )−
1
2
z` cos θpi
√
spis`Re(F1F
∗
5 ) ,
I2 = −1
4
(1− z`)
{
|F1|2 − 1
2
(|F2|2 + |F3|2) sin2 θpi}− 1
32
z`(1− z`)
{
− 2spis` cos2 θpi
+(2X2 + spis`) sin
2 θpi
}
|F5|2 ,
I3 = −1
4
(1− z`)
(|F2|2 − |F3|2) sin2 θpi + 1
16
spis`z`(1− z`) sin2 θpi|F5|2 ,
I4 =
1
2
(1− z`)Re(F ∗1 F2) sin θpi −
1
8
(1− z`)z`(P · L)
√
spis` cos θpi sin θpi|F5|2 ,
I5 = −
{
Re(F ∗1 F3) + z`Re(F
∗
4 F2)
}
sin θpi +
1
2
z`
{
(P · L)Re(F4F ∗5 ) +
√
spis` cos θpiRe(F3F
∗
5 )
+XRe(F1F
∗
5 )
}
sin θpi − 1
4
z2`X
√
spis` cos θpi sin θpi|F5|2 ,
I6 = −
{
Re(F ∗2 F3) sin
2 θpi − z`Re(F ∗1 F4)
}
+
1
2
z`
{
X sin2 θpiRe(F2F
∗
5 ) + (P · L) sin2 θpiRe(F3F ∗5 )
−√spis` cos θpiRe(F4F ∗5 )
}
− 1
4
z2`X(P · L) sin2 θpi|F5|2 ,
I7 = −
{
Im(F ∗1 F2) + z`Im(F
∗
4F3)
}
sin θpi − 1
2
z` sin θpi
{
XIm(F4F
∗
5 ) + (P · L)Im(F1F ∗5 )
−√spis` cos θpiIm(F2F ∗5 )
}
,
I8 =
1
2
(1− z`)Im(F ∗1 F3) sin θpi ,
I9 = −1
2
(1− z`)Im(F ∗2 F3) sin2 θpi .
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K`4
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F1 = XF + Y (P · L) cos θpiG+ X
spi
(P ·Q)G ,
F2 = Y
√
spis` G ,
F3 = XY
√
spis`
H
M2
,  


2"!ﬁ #
F4 = −(P · L)F − s`R−XY cos θpiG− (P · L)(P ·Q) 1
spi
G ,
F5 =
Y
√
spis`
m`
T
M
.  
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}
v(p`) .
<$9:'(ﬃ% q'( ﬁ o# /ﬃ1ay0ﬁavv J-{  $*|q,ﬀﬁﬂﬂﬃ3$*"'(ﬁﬂﬃAss<#"q ﬁ!#"3$&ﬀ*ﬀ$*" s$&[v !3ﬁﬀ3 ﬁU2  !3$*'Pv
	
ﬃ%$,ﬀ3 ﬁ|q3 "{7!Fo3ﬁﬂﬃ%ﬁo#'Pvv 
(p` + p+ + p−)2 −m2` = spi + L · P +N · P .

ﬃ%$*"ﬃ
@
$*'(*"ﬂﬁ'([:'($*"|q'( ﬁ|s/ﬃ1ay0ﬁavv =, 0.
−iM(e)fi = ie2FoGFV ∗us u(pν)(1 + γ5)
1
spi
{
− 6Q− Q · L+Q ·N
spi + P · L+ P ·N 6L+
2im`σµνp
µ
+p
ν−
spi + P · L+ P ·N
}
.

o3 $)  o##"ﬂﬁ'(ﬃ" /ﬃ1ay0ﬁavv #"$*o#'($&ﬂﬁﬂﬃ~ * ﬀut Po33 ﬁ, t '(ﬁwv 
F+−

 " ﬁ

 "ﬂﬁ  "
F+−
"
G+−

s.{7'(ﬁ(/ﬁspq[s%*" ~,("
@
$*'(*"6ﬁAvq[s1#'($*"s1 o#'($*"ﬂﬀ$&4 4 !#"ﬃ%$&!Ay0ﬁﬀﬂﬃ'($ /q ﬃ'($
z
s1 s%ﬃv ﬃ%4 #"
v (""#"  #"J-,ﬀﬁwŁ/"}s!Ay:3ﬁ"9$&[ss#"
Fo
q,ﬀﬁ
Fpi
- ﬃ #"ﬂJs1-,ﬀ$&ﬂﬃ%!v #"ﬂ ﬁa~[sD   { aq ﬁ)(#"Is#"ﬀ ! *$ ﬃ%ﬂﬃ'($*"
, /.;3<, ﬁﬀ/.
@
s#"|t Po33 ﬁ", t '(ﬁwv 
F+−
3
G+−
0as3$&
F+− = F˜+− =
MK±√
2Fpi
G+− = G˜+− =
MK±√
2Fpi
<'(*" ﬁAv ﬀﬁ&*'($*"-*Zs#"po#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($*" ﬀ t Po33 ﬁ  ut '(ﬁwv 
G+−
q ﬁ':3$,ﬀ$-) #" /ﬃ1ay0ﬁavv #"
,> .3 , 0."o#'Pvq 3$*"3$&  9q[s%*"
@
$*'(*"$*'('($*"K-*s1 ﬃ'Ps1ﬀﬂﬃ'($ ,{ ﬃ"'0"wq ﬃ%$ ${ <Fo3q,("Jo##"  3Ux
t Po33 ﬁ"  Kt '(ﬁwv D
=
K+ → pi+ pi− `+ ν`
 "  ﬁ  "  ﬁ #"
R˜+−
  3Ux /ﬃ1ay0ﬁavv #"po#'($&ﬂﬁﬂﬃ~ *3$& ﬀ t Po33 ﬁ' pt '(ﬁwv 
R
z
s.{7'(ﬁ(/ﬁusuq[s%*"~,(" "ﬀ$*" * 3&U
z
s1
~ ﬁﬂﬃ" ﬁ ,{ ﬃ"'0"wq ﬃ%$
@
ﬀ ﬂﬁp-*s.{ aq[q,ﬀﬁﬂﬃ%ﬂﬃ'($
@
*ﬀ$*"srq

s
@
 s1 v (""po
8
ﬀﬁwy:!#
MK±
 s ";{ ay0ﬃ% #"
/ﬃ1ay0ﬁavv #" , /.;3<, ~ﬂ.5 '($-|s1 q,ﬀﬁﬂﬂﬃq ﬁ'Pq'(ﬁﬂﬂﬃ'($ $*Ass5ﬀZt Po33 ﬁ  It '(ﬁwv 
R˜+−
#"ﬂ, '($ $*!#q,ﬀﬁ
−iMfi = (−i)GFV
∗
us u(pν)γ
µ(1− γ5) v(p`)
3Fo
{
1 +
1
2
spi + tpi − 2upi
s` −M2K±
}
Lµ.

ﬃ%$*"ﬂﬃ,q'( ﬁ|sIt Po33 ﬁ  Kt '(ﬁwv 
R˜+− @
$*'(*"ﬂﬁ'([:'($*"
R˜+− =
√
2
MK±
3Fpi
× (1 + 1
2
spi + tpi − 2upi
s` −M2K±
)
=
MK±
2
√
2Fpi
(4
3
+
2
3
spi + tpi − 2upi
s` −M2K±
)
=
MK±
2
√
2Fpi
(
1 +
spi + ν
s` −M2K±
)
:Fo
ν = tpi − upi R2#" "o=as1ﬀﬃ%ﬁ#" tpi 3 upi  xUq ﬁﬂﬃv 3$&Ks.{7!Fo 8 ﬀ$[y:#,{7!3$*3ﬁwy0ﬃ63$&ﬂﬁsŁ(('($ 3Js#"  3Ux
q ﬃ'($*";
 "  ﬁ  "  ﬁ #"
R+− 
3 ﬁ 

 ﬁﬃ"  




<$q 3 5ﬁAv ﬀﬁ&*3ﬁ -*9s1~ ﬁﬂﬃ"ﬂ ﬁ ,{ ﬃ"'0"wq ﬃ%$ ${ <Fo3r&*st Po33 ﬁ  9t '(ﬁwv 
R+−
z
s.{7'(ﬁ(/ﬁs
q[s%*"~,(";H2#"ﬀ ﬂﬁ#"t Po33 ﬁ"5 |t '(ﬁwv 9ﬁ#"ﬂ3$&;ﬃ%$o
8
ﬀ$[y:!#";["'Pvv   <'( #"s#"o#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($*"
z
R+−
 '($ $*
R+− =
MK
√
2
3Fpi
{
1− 1
2
1
s` −M2K±
[
2upi − tpi − spi −M2K± −M2pi± − 6∆pi
]
+
3e2F 2pi
spi
[ upi − tpi
s` −M2K±
− t2` − t1`
u` −m2`
]}
.
<$ o
8
3ﬁo
8

z
ﬁ!#!Fo3ﬁﬂﬃ%ﬁ o# t Po33 ﬁ  t '(ﬁwv  3$ t ﬀﬃ"ﬀ$& aq[q,ﬀﬁﬂﬁ s1 o#'($-ﬂﬁﬂﬃ~  ﬂﬃ'($
R˜+−
 !Fo3ﬁﬂﬃ%
q ﬁ!Fo#!  Avv 3$-
R+− =
MK±
2
√
2Fpi
{
1 +
spi + ν
s` −M2K±
+ 4∆pi
1
s` −M2K±
− 4e
2F 2pi
spi
[ ν
s` −M2K±
+
t2` − t1`
u` −m2`
]}
= R˜+− +
MK±
2
√
2Fpi
{
4∆pi
1
s` −M2K±
− 4e
2F 2pi
spi
[ ν
s` −M2K±
+
t2` − t1`
u` −m2`
]}
, U/.
<$:'(ﬃ%&* s 3Ux/ﬃ (Av  3ﬁwv  o#3ﬂ "'Pvv  o#'Pvq'(ﬁﬂ  $* o#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($
∆pi
 ~ ﬁﬂﬃ"ﬂ ﬁ ,{ ﬃ"'0"wq ﬃ%$
ﬀﬃ%$*"ﬃ'&{  $* o#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($ q  ﬁAv 3$-9!AsFo3ﬂﬁ'Pv ay0$*!3ﬂﬃ-*/*
z
s1q ﬁ!#"3$o#/Zq
8
'('($
 "  ﬁ  "  ﬁ #" "	

 ﬁ "	

+Kq ﬁ!#"3$o#,/9q
8
'('($v ' /ﬃN,s.{ avq[s%ﬃ%ﬂ ﬀ/9q ﬁ'	o##""ﬂ*"
K`4
o
8
ﬀﬁwy:!|q,ﬀﬁﬃs.{ aq[q,ﬀﬁﬂﬃ%ﬂﬃ'($ ,{  $9t Po33 ﬁ
 t '(ﬁwv    *	q  3$*"'(ﬁﬂﬃAs.   { aq ﬁ)(#"s1  ! *$ ﬃ%ﬂﬃ'($   o# t Po33 ﬁ t '(ﬁwv #*ﬀ$*"Ks.{ avq[s%ﬃ%ﬂ  , /.
@
$*'(*"<'P~ 3$*'($*"
T+− = 4e2F 2pi
MK±√
2Fpi
m`MK±
spi
1
u` −m2`
, U .

t Po33 ﬁ  t '(ﬁwv #"ﬂ}q  ﬁAv 3$&!AsFo3ﬂﬁ'Pv ay0$*!3ﬂﬃ&*63Jq ﬁ' ﬃ3$&9 $ ﬃ&*Av 3$- /ﬃ/ﬃ1ay0ﬁavv  , 0.
 s1 	ZUD
=
K`4
             
 , 
K+ → pio pio `+ ν`

|o=ﬀ$,as    !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ #"ﬂ v '(ﬃ%$*" PoFo##""ﬂﬃ~[s xUq !3ﬁﬂﬃv 3$-asAv 3$&
@
o=ﬀﬁ s#" q ﬃ'($*"*ﬀ$*" s.{7!3ﬀ*$,as
"'($&$*3 ﬂﬁ#"

s.{7'(ﬁ(/ﬁ sKq[s%*"|~,("
@
o#o=ﬀ$,as$*o#'Pvq '(ﬁﬂ &* 3Ux)/ﬃ1ay0ﬁavv #" ,ct . 3 , y:. 


 
  
(f)
`+
ν`
pio
(g)
K+
`+
ν`
K+
pio
K+
pio
pio
+'( ﬁJo##" /ﬃ !3ﬁ3$&" /ﬃ1ay0ﬁavv #"
@
s#"s1ay0ﬁﬀ$[y0ﬃ3$*"Jo#'($&ﬂﬁﬂﬃ~ ,ﬀ$&"9ﬁ#"wqFo3ﬂﬃNt ""'($&
L(f) = ...+GFV ∗us (ν`Lγµ `)
1
Fo
(1
3
+
1
2R
)(
K+pio∂µpio − piopio∂µK+) ,
L(g) = ...+ 1
2F 2o
{(1
6
+
1
4R
)[
piopio∂µK−∂µK+ −K+pio∂µK−∂µpio −K−pio∂µK+∂µpio +K−K+∂µpio∂µpio
]
−Bomˆ
(1
2
+
1
3R
)
K−K+piopio −Boms
(1
6
− 1
3R
)
K−K+piopio
−e2F 2oZo
(1
3
+
1
2R
)
K−K+piopio
}
+ 2FoGFV
∗
us (ν`Lγµ `) ∂
µK+ .
2/ﬃ1ay0ﬁavv  ,ct . ";{7!Fo3ﬁﬂﬃ%"ﬂﬃvq[sAv 3$&Io#'Pvv 
−iM(f)fi = (i)
GFV
∗
us u(pν)γ
µ(1− γ5) v(p`)
3Fo
× (1
2
+
3
4R
)
{
3Pµ + 2Lµ
}
.
2&/ﬃ1ay0ﬁavv  , y:.It ﬀﬃ%?ﬃ%$&3ﬁw:3$ ﬃ%ﬁs:3ﬁﬂ x
z
-,ﬀﬂﬁv !#"'($*"
@
 3Ux q ﬃ'($*"?$*3 ﬂﬁ#" 3 3Ux Ł(('($*"
o
8
ﬀﬁwy:!#"ﬀ '($&|s1 0as3 ﬁ#"ﬂ
i
2F 2o
{(1
6
+
1
4R
)[
3spi − s` −M2K± − 2M2pio
]
+ 2Bomˆ
(1
2
+
1
3R
)
+ 2Boms
(1
6
− 1
3R
)
+ 2e2F 2o Zo
(1
3
+
1
2R
)}
<$  ﬂﬃs%ﬃ"
z
$*'([:=ﬀ s#"ﬁAs1ﬀﬂﬃ'($*"3$-ﬂﬁs#"|v (""#", #"v !#"'($*"3|s#"|-,ﬀ$&ﬂﬃ%!#"
Bo @ mˆ @ ms
,97U87a:.
q '( ﬁ'P~ 3$ ﬃ%ﬁ
i
6F 2o
{(1
2
+
3
4R
)[
3spi − s` −M2K± − 2M2pio
]
+M2pi± +M
2
K± −∆pi +
3
2R
(M2pi −M2K)
}
2#"&,ﬀ$-ﬂﬃ%!#"
Mpi
3
MK
"'($&s#"v (""#" /pq ﬃ'($ 35/pŁ(('($
z
s1 s%ﬃv ﬃ% ,{ ﬃ"'0"wq ﬃ%$#,97U87D/.
@
o=ﬀﬁ Ass#"
"'($& v[s%ﬂﬃq[s%ﬃ!##"q,ﬀﬁ $*r&,ﬀ$-ﬂﬃ%!
1/R
- ﬃ ﬁAq ﬁ!#"3$&rs1~ ﬁﬂﬃ"ﬂ ﬁ ,{ ﬃ"'0"wq ﬃ%$

ﬃ%$*"ﬂﬃ
@
s&/ﬃ1ay0ﬁavv 
, y:. (ﬀ 
−iM(g)fi = (i)
GFV
∗
us u(pν)γ
µ(1− γ5) v(p`)
Fo
1
s` −M2K±
Lµ
×
{( 1
12
+
1
8R
)(
3spi − s` −M2K± − 2M2pio
)
+
1
6
(
M2pi± +M
2
K±
)
+
1
4R
(M2pi −M2K)−
1
6
∆pi
}
.
 " ﬁ

 "ﬂﬁ  "
Foo
"
Goo
  { aq ﬁ)(#"s#", ! *$ ﬃ%ﬂﬃ'($*" , /.;3<, ﬁﬀ/.
@
s#"t Po33 ﬁ", Kt '(ﬁwv 
Foo
3
Goo
0as3$&
Foo = −MK±√
2Fpi
(
1 +
3
2R
)
= F˜oo − MK±√
2Fpi
3
2R
Goo = G˜oo = 0
	
Ko → pio pi− `+ ν`
9'(*" ﬁAv ﬀﬁ-*'($*"&*st Po33 ﬁ  t '(ﬁwv 
G
${7 x/ﬃ"ﬂq,("
z
s.{7'(ﬁ(/ﬁ|sq[s%*" ~,(" :Fo'( " ﬀ$*"ﬃ~ ﬁﬂﬃ"ﬂ ﬁ
,{ ﬃ"'0"wq ﬃ%$
 "  ﬁ  "  ﬁ #"
R˜oo
#"  3Ux /ﬃ1ay0ﬁavv #" ,ct .63 , y:.9o#'($-ﬂﬁﬂﬃ~ *3$&
z
o#ut Po33 ﬁ  ut '(ﬁwv D 
$ $*!AyDs%ﬃy:=ﬀ$-us#" 3ﬁwv #"
q ﬁ'Pq'(ﬁﬂﬂﬃ'($ $*As"
z
R
3
∆pi
3,,{ aq ﬁ)(#"}s1 ! *$ ﬃ%ﬂﬃ'($!, ﬁﬀ/.
@
$*'(*"F:'($*"
R˜oo = −
√
2MK±
3Fpi
{
1 +
1
4
1
s` −M2K±
[
3spi − s` +M2K±
]}
.
 ﬃ%$,asAv 3$-
@
o# ﬁ!#"ﬂ[s%ﬀ<"Kv 3"'(*"s1t '(ﬁwv 
R˜oo = −MK±√
2Fpi
{
1 +
1
2
1
s` −M2K±
[
spi − s` +M2K±
]}
.
 "  ﬁ  "  ﬁ #"
Roo 
3 ﬁ 

 ﬁ " 



 
<$ "'Pvv  '( #" s#" o#'($-ﬂﬁﬂﬃ~  ﬂﬃ'($*"
z
Roo
3'($ t ﬀﬃ% aq[q,ﬀﬁﬂﬁ
R˜oo
o=aso3[s!9q ﬁ!Fo#!  Avv 3$&B<$
'P~ ﬂﬃ3$-}sﬁ!#"[s%ﬀ*$,as
Roo = −MK±√
2Fpi
{
1 +
1
2
1
s` −M2K±
(
spi − s` +M2K±
)
+
1
4R
[
1 +
1
s` −M2K±
(
3spi + 2s` − 6M2K
)]}
= R˜oo − MK±√
2Fpi
1
4R
[
1 +
1
s` −M2K±
(
3spi + 2s` − 6M2K
)]
.
 '( ﬁo# o=ﬀ$,as
@
s#"Jo#'(ﬁﬂﬁFo3ﬂﬃ'($*"ﬀUxut Po33 ﬁ"ﬀ t '(ﬁwv 5"'($&
@
z
s.{7'(ﬁ(/ﬁ sq[s%*"J~,("
@
q ﬁ'Pq'(ﬁﬂﬂﬃ'($ $*Ass#"
z
1
R ∼ mu −md
[2#"|o#'(ﬁﬂﬁFo3ﬂﬃ'($*"9"'($&ﬀ/*#"
z
s1 ﬃ'Ps1ﬀﬂﬃ'($ﬁ,{ ﬃ"'0"wq ﬃ%$
      + 5  
    
Ko → pio pi− `+ ν`

s.{7'(ﬁ(/ﬁsKq[s%*"|~,("
@
o#o=ﬀ$,as2$*o#'Pvq'(ﬁﬂ-* 3Ux)/ﬃ1ay0ﬁavv #"-,
8
.;3-, ﬃ. 


 
  
pi−
(h)
pi−
`+
ν`
Ko
pio
pio
(i)
K+
`+
ν`
Ko
#"|s1ay0ﬁﬀ$[y0ﬃ3$*"Io#'($&ﬂﬁﬂﬃ~ ,ﬀ$&"<ﬁ#"wqFo3ﬂﬃNt ""'($&
L(h) = ...+ 1
Fo
(ν`Lγµ `) GFV
∗
us
{√
2
(
Kopi+∂µpio −Kopio∂µpi+)+ 1
2
√
2R
(
2piopi+∂µKo −Kopi+∂µpio
−Kopio∂µpi+)}
L(i) = ...+ 1
8
√
2F 2o
{
4K−pi+∂µKo∂µpio − 4Kopi+∂µK−∂µpio − 4K−pio∂µKo∂µpi+ + 4Kopio∂µK−∂µpi+
−8F 2o e2ZoKoK−piopi+ +
1
R
[
K−pi+∂µKo∂µpio − 2piopi+∂µKo∂µK− +Kopi+∂µK−∂µpio
+K−pio∂µKo∂µpi+ +Kopio∂µK−∂µpi+ − 2KoK−∂µpio∂µpi+ + 2Bo(mˆ−ms)KoK−piopi+
−2F 2o e2ZoKoK−piopi+
]}
+ 2FoGFV
∗
us (ν`Lγµ `) ∂
µK+ .
 
K`4

ﬃ%$*"ﬃ
@
s/ﬃ1ay0ﬁavv =,
8
.;"{7!Fo3ﬁﬂﬃ%
−iM(h)fi = (i)
GFV
∗
us u(pν)γ
µ(1− γ5) v(p`)
2Fo
{ 3
2
√
2R
Pµ −
√
2Qµ +
1√
2R
Lµ
}
.
2/ﬃ1ay0ﬁavv , ﬃ.t ﬀﬃ%<ﬃ%$-3ﬁw:3$ ﬃ%ﬁs :3ﬁﬂ x
z
-,ﬀﬂﬁv !#"'($*"
@
 $ q ﬃ'($ $*3 ﬂﬁ
@
 $ q ﬃ'($ o
8
ﬀﬁwy:!
@
 $
Ł(('($ $*3 ﬂﬁ3 $uŁ(('($o
8
ﬀﬁwy:! '($-|s10as3 ﬁ#"ﬂ
i
8
√
2F 2o
{
4(upi − tpi) + 1
R
(
2spi − upi − tpi
)
+
2Bo
R
(mˆ−ms)− 8F 2o e2Zo
}
.

$  ﬂﬃs%ﬃ"ﬀ$-|s#"ﬁAs1ﬀﬂﬃ'($*" ,97U87a:.
@
$*'(*"'P~ 3$*'($*"}q '( ﬁ}o#K:3ﬁﬂ x
i
8
√
2F 2o
{
4(upi − tpi) + 1
R
(
2spi − upi − tpi
)
+
2
R
(M2pi −M2K)− 4∆pi
}
.

ﬃ%$*"ﬃ
@
s/ﬃ1ay0ﬁavv =, ﬃ.;"{7 xUq ﬁﬂﬃv o#'Pvv 
−iM(i)fi = (i)
GFV
∗
us u(pν)γ
µ(1− γ5) v(p`)
3Fo
1
s` −M2K±
Lµ
×
{ 3
2
√
2
(upi − tpi −∆pi) + 3
8
√
2R
(
2spi − upi − tpi − 2M2K + 2M2pi
)}
.
 " ﬁ

 "ﬂﬁ  "
Fo−
"
Go−
  { aq ﬁ)(#"s#", ! *$ ﬃ%ﬂﬃ'($*" , /.;3<, ﬁﬀ/.
@
s#"t Po33 ﬁ", Kt '(ﬁwv 
Fo−
3
Go−
0as3$&
Fo− = −3MK
o
4FpiR
Go− = G˜o− =
MKo
Fpi
 <'(*" ﬁAv ﬀﬁ-*'($*" -*st Po33 ﬁ  t '(ﬁwv 
F
${7 x/ﬃ"ﬂ q,("
z
s1ps%ﬃv ﬃ%&,{ ﬃ"'0"q ﬃ%$ 3&* s1r~ ﬁﬂﬃ"ﬂ ﬁ
,{ ﬃ"'0"wq ﬃ%$ ${ < Fo3q,("|sIt Po33 ﬁ  Kt '(ﬁwv 
G

 " ﬁ  "ﬂﬁ  "
R˜o−
2#"  3Ux /ﬃ1ay0ﬁavv #"#,
8
. 3 , ﬃ.9o#'($-ﬂﬁﬂﬃ~ *3$&
z
o#Zt Po33 ﬁ  t '(ﬁwv D 
$ $*!AyDs%ﬃy:=ﬀ$-us#" 3ﬁwv #"
q ﬁ'Pq '(ﬁﬂﬂﬃ'($ $*As"
z
R
3
∆pi
3,,{ aq ﬁ)(#"|s1 ! *$ ﬃ%ﬂﬃ'($ , ﬁﬀ/.
@
$*'(*"F:'($*"
R˜o− = −MK
o
2Fpi
1
s` −M2K±
(
upi − tpi
)
.
 " ﬁ  "ﬂﬁ  "
Ro− 
3 ﬁ 

 ﬁﬃ"  




<$ "'Pvv 5'( #"Is#"Ko#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($*"
z
Ro−
3'($t ﬀﬃ%aq[q,ﬀﬁﬂﬁ
R˜o−
o=aso3[s! q ﬁ!Fo#!  Avv 3$&?<$
'P~ ﬂﬃ3$&Js ﬁ!#"ﬂ[s%ﬀ*$,as
Ro− = −MK
o
2Fpi
{ 1
s` −M2K±
(
upi − tpi
)− ∆pi
s` −M2K±
+
1
4R
(
1 +
1
s` −M2K±
[
3spi + 2s` − 6M2K
])}
= R˜o− +
MKo
2Fpi
{ ∆pi
s` −M2K±
− 1
4R
(
1 +
1
s` −M2K±
[
3spi + 2s` − 6M2K
])}
.

|t Po33 ﬁ5 |t '(ﬁwv <#" "3$*"ﬃ~[s
z
s1~ ﬁﬂﬃ"ﬂ ﬁ ,{ ﬃ"'0"wq ﬃ%$p ﬃ1s<3ﬁwv }q ﬁ'Pq'(ﬁﬂﬂﬃ'($ $*As
z
1
R ∼ mu−md
3 ﬀUx)*3"Iq  ﬁAv 3$-!AsFo3ﬂﬁ'Pv ay0$*!3ﬂﬃ&*#"  s1'/ﬃ !3ﬁ3$o# v (""#" 3$&ﬂﬁ s#"Iq ﬃ'($*"o
8
ﬀﬁwy:!#"3
$*3 ﬂﬁ#"
∆pi

 
      
	, 
    
. 9
#"
-/1032
U
@ -/ 0 2
rU8753
-/1032
pUﬁ!#"ﬂ[v 3$&s#" ﬁ!#"ﬂ[s%ﬀ";'P~ 3$&*"" ﬁ s#" t Po33 ﬁ"5 |t '(ﬁwv 
q'( ﬁ|s#"ﬂﬁ'(ﬃ"  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($*"
K`4
, 0.
@
, 87/.;3 , /. 
F+− = G+− =
MK±√
2Fpi
R+− =
MK±
Fpi2
√
2
{
1 +
spi + ν
s` −M2K±
+ 4∆pi
1
s` −M2K±
− 4e
2F 2pi
spi
[ ν
s` −M2K±
+
t2` − t1`
u` −m2`
]}
T+− = 4e2F 2pi
M2K±√
2Fpi
m`
spi
1
u` −m2`
	 
/	®  $,: $% /ﬂ6- 1  /$",?1 @)106-2<6ﬀ/- "#:-1>ﬀ	% /10ﬀﬃ,%0ﬂ&" %>-.
-.)6% ﬂ+-. 108-
Dﬀ/ $ﬁ- "#
E$45@ﬀ/-,-,#3%Wi8-
ﬀﬃ ﬀﬂ6ﬀﬃ1
K+ → pi+ pi− `+ ν`
Foo = −MK±√
2Fpi
(
1 +
3
2R
)
Goo = 0
Roo = −MK±√
2Fpi
{
1 +
1
2
1
s` −M2K±
(
spi − s` +M2K±
)
+
1
4R
[
1 +
1
s` −M2K±
(
3spi + 2s` − 6M2K
)]}
	 
/	®  * $,: $% /ﬂ6- 1  /$",?1 @)106-2<6ﬀ/- "#:-1>ﬀ	% /10ﬀﬃ,%0ﬂ&" %>-.
-.)6% ﬂ+-. 108-
Dﬀ/ $ﬁ- "#
E$45@ﬀ/-,-,#3%Wi8-
ﬀﬃ ﬀﬂ6ﬀﬃ1
K+ → pio pio `+ ν`
Fo− = −3MK
o
4FpiR
Go− =
MKo
Fpi
Ro− = −MK
o
2Fpi
{ 1
s` −M2K±
(
upi − tpi)− ∆pi
s` −M2K±
+
1
4R
(
1 +
1
s` −M2K±
[
3spi + 2s` − 6M2K
])}
	 
/	® * $,: $% /ﬂ6- 1  /$",?1 @)106-2<6ﬀ/- "#:-1>ﬀ	% /10ﬀﬃ,%0ﬂ&" %>-.
-.)6% ﬂ+-. 108-
Dﬀ/ $ﬁ- "#
E$45@ﬀ/-,-,#3%Wi8-
ﬀﬃ ﬀﬂ6ﬀﬃ1
Ko → pio pi− `+ ν`

q ﬁ)(#" :'(ﬃ%ﬁ 'P~ 3$- s#"9t '(ﬁwv5[s#" ﬀ$,as* ﬂﬃ&*#"  #"t Po33 ﬁ"  t '(ﬁwv 
z
s.{7'(ﬁ(/ﬁsuq[s%*"9~,("rq '( ﬁ
s#" ﬂﬁ'(ﬃ"9o=ﬀ$,ﬀUx
K`4
, 0.
@
, 87/. 3;, /.
@
$*'(*"q'([:'($*"9v ﬀﬃ%$-3$,ﬀ$&  x/ﬂﬁﬀﬃ%ﬁ) #" ﬃ%$Ut '(ﬁwv ﬀﬂﬃ'($*"
$-[v !3ﬁﬂﬃ&*#"?`*$% &,ﬀ$-ﬂﬃN,3ﬁKs.{7*3   s1~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"wq ﬃ%$  <'(*":'($*"Js1q'0""ﬂﬃ~ ﬃs%ﬃ%!   '($ $*3ﬁ
s#"r0as3 ﬁ" $-[v !3ﬁﬂﬃ&*#" 
8
!#'(ﬁﬂﬃ-*#"  #" ﬀUx  ﬁ !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ 3$  ﬂﬃs%ﬃ"ﬀ$-rs1 t '(ﬁwv5[s y:!3$*!3ﬁas
, A:.!/ ﬀUx  !#"ﬃ%$&!Ay0ﬁﬀﬂﬃ'($  !33ﬁwv ﬃ%$*!# *ﬀ$*"so
8
aq ﬃ%ﬂﬁ  3|s1# !Fo#'Pvq'0"ﬂﬃ%ﬂﬃ'($ ﬀ$[y0[s1ﬀﬃ%ﬁ 
J5
, ﬁ/.|&* $*'(*"ﬁaq[q As'($*"Jo3ﬃ 	 #""'(*"
dΓ5 = G
2
F | Vus |2 N(spi, sl)J5(spi, sl, θpi, θl, φ)dspidsld(cos θpi)d(cos θl)dφ
'(B
N(spi, sl) =
(1− zl)Y X
213pi6M5
K±
.
, U/.
 ﬀ
K`4
3
J5 = 2(1 − z`)
[
I1 + I2 cos 2θ` + I3 sin
2 θ` · cos 2Φ + I4 sin 2θ` · cos Φ + I5 sin θ` · cos Φ
+I6 cos θ` + I7 sin θ` · sinΦ + I8 sin 2θ` · sinΦ + I9 sin2 θ` · sin 2Φ
]
.
, U/.
 
#D)	
 /
-H+&*/D)
2#"q ﬁAv ﬃ (3ﬁ#" x	q!3ﬁﬂﬃ3$o##"
Ke4
 
@
 ﬀ
@
 
@
 7
@
=`${7'($&'P~*"3ﬁw:!Ko
8
Po3 $*#"}&*I&*As-*#"o#3$&ﬀﬃ%$*#"
,{7!A:!3$*Av 3$&"Io#'Pvv sv '($-ﬂﬁs1
-/10 2
ZU 

! t !3ﬁ3$o# $*'Pv~ ﬁ,{7!A:!3$*Av 3$-" ﬀUx4  !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ , " −1 .
 ﬃ%ﬁwy:?3<as.   ,97U ± ﬀU/. ﬁﬀ 3
ﬃs* 3as. 7D  ,97U ± ﬀU/. ﬁﬀ 3

o
8
	 3ﬃ%$H~ 3ﬁwy:3ﬁ3<as.   , U87 ± ﬀU :. ﬁﬀ 3
;'( ﬁ- ﬃ%$ 3<as.  ﬀ  , U 7 ± ﬀU20. ﬁﬀ 3
;3ﬃ3ﬁ3<as. 2A 
 	 
 	r®  	 ﬀ#C "# "0i8-,% ﬂ
iSlﬁﬀ $% /ﬂ
Ke4
458-,mi8-;"ﬀﬂ6-@108-;)$45%0A$8-?3C#)	i$% 8ﬂ63:-
9
s rt ass% ﬀﬂ3$/ﬁ  ps'(ﬁ" &* s1uo#'Pss1a~'(ﬁﬀﬂﬃ'($  3$ (A: 	

PoAs1 *  D
@
=` v #" ﬁ! s ﬁaq[q '(ﬁﬂ  
~ ﬁﬀ$o
8
Av 3$-' 
Ke4
F:Fo  $ s'( pﬁﬀﬁﬀﬁﬀﬁﬀ !A:!3$*Av 3$&";

'0""As3ﬃﬂ "!$#&% '($& 'P~ 3$-  $ ﬀUx  
 !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ , s 3Ux/ﬃ (Av o
8
ﬃﬁ?#"ﬂ|s.{73ﬁﬂﬁ3 ﬁ<" * "!Av ﬀﬂﬃ&*0.
ΓKe4 = (3.26 ± 0.15) 103s−1.
  Aq  ﬃ"
@
ﬃs ${ * q,("3)  $*'([:Ass#"  '($ $*!##"<PoFo##""ﬂﬃ~[s#"(' *"&{
z
s.{7 xUq !3ﬁﬂﬃ3$o#*),+DD
z
 ﬁ'-'PŁ
8
F:3$
3$ 7ﬁﬀﬁﬀ2 '(B -ﬀﬁﬀﬁﬀﬁﬀﬁﬀ !A:!3$*Av 3$-"
Ke4
'($&5!3!o#'PssFo3!#"
@
AP,2 ﬀUx   !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ #" , s
 3Ux ﬃ (Av  o
8
ﬃﬁ?#"ﬂs.{73ﬁﬂﬁ3 ﬁ<")* "ﬂ!Av ﬀﬂﬃ-*0.
ΓKe4 = (3.321 ± 0.089) 103s−1.
  { aq ﬁ)(#"}s#"J(as3 ﬁ"  #"<Avq*"ﬀ  -ﬃ / Ł0('($o
8
ﬀﬁwy:!63<$*3 ﬂﬁ
@
s1
-/1032
U ﬁ!#"ﬂ[v s#"J(as3 ﬁ"
 #"ﬁaq[q'(ﬁﬂ", ~ ﬁﬀ$o
8
Av 3$-" 3, #"ﬀUx4  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($*"
K`4
//.!ﬁ013254 #&ﬂ768!ﬁ9!;:<0>=$?@  =`

ﬀ$,as
K`4
ﬁaq[q '(ﬁﬂﬀ K~ ﬁﬀ$o
8
Av 3$&,%ﬀ −5 . ﬀUx)  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ , " −1 .
K+ → pi+pi−e+νe Aﬀﬁ+ ± ﬀUAﬀﬁ  7ﬁa
K+ → pi+pi−µ+νµ D  ± ﬀUA  ﬁﬀ
K+ → piopioe+νe 7U ± ﬀU    ﬀ
K+ → piopioµ+νµ 	 	
Ko → piopi−e+νe U+ ± ﬀU87ﬁ ﬀﬁﬀ2
Ko → piopi−µ+νµ 	 	
  
CBr®DW®FEﬁGIHJLKNM-OQPRKTSﬁU	iNOQVXWYK[Z]\^HJLK[P(_ﬁK1P(OQH`U	Uba]O\^P(_ﬁK<c	OQH`Z-d^e	K[W7K[ZC\RKN\
_	K[PR\QH`MﬁS8_ﬁK_Di1PVLZC\iSl`O^Hf\gVLa`Z
K`4 h
f]i j3k
2
  /U)  )  /
D-0// &*+9(P/

o# $ ﬃ:=ﬀ
@
s#"%t Po33 ﬁ"  t '(ﬁwv q'( ﬁs#"o=ﬀ$,ﬀUx6$*3 ﬂﬁ3ﬃv ﬃNx ;$*5 !Aq3$ 3$& q,("6 #"0ﬀﬁﬂﬃ1a~[s#"
o3ﬃ%$*!Av ﬀﬂﬃ-*#"
φ
3
θ`
3$*'(*"q'([:'($*"<as'(ﬁ"ﬃ%$-!Ay0ﬁ3ﬁ}s1t '(ﬁwv[s , UA/."As'($ o##", 3Ux(ﬀﬁﬂﬃ1a~[s#"
J3 =
∫
dφd(cos θ`)J5 = 8pi(1 − z`)
[
I1 − 1
3
I2
]
.
, Uﬀ/.
 9'(*" :'($*"  ﬂﬃs%ﬃ"! $*|q ﬁ'Py0ﬁavv ﬀﬂﬃ'($4
	

  3s#" ﬁ#""'( ﬁo##" #"s%ﬃ~ ﬁﬀﬃ%ﬁﬂﬃ#"  |q ﬁ'Py0ﬁavv  	
ﬂﬃ'($%/

)  ;!ﬁ
2}q'( ﬁ9* Fo3ﬂ*3ﬁo#3ﬂ5ﬂﬁﬂﬃq[s ﬃ%$-!Ay0ﬁas


+
-/1032
 U ﬁ!#"ﬂ[v s#"I(as3 ﬁ"
$-[v !3ﬁﬂﬃ&*#"'P~ 3$&*#"Kq'( ﬁIs#"9ﬀUx   !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ 3$
s−1
 '( ﬁso=ﬀ$,as $*3 ﬂﬁ
@
s.{7#"wq,Po## #"
q
8
("#"& '(ﬃ% >3ﬂﬁ/ﬃ-ﬃ"!q,ﬀﬁ 3Ux
@
q  ﬃ"-*rs.{7!3ﬀ *$,as|o#'Pvq'(ﬁﬂ) 3Ux q,ﬀﬁﬂﬂﬃo3[s#" ﬃ$ 3$&ﬂﬃ-*#"
@
s#"
 3Uxuq ﬃ'($*"$*3 ﬂﬁ#";
  { aq ﬁ)(#"s#" ﬁ!#"ﬂ[s%ﬀ"& Zs1
-/ 0 2
 UA3&*ﬀ$*"suo=(" '(B $*'(*" $* o#'($*"ﬂﬃ$ !3ﬁ'($*"9q,("s1 -ﬃ'Ps1ﬀﬂﬃ'($
,{ ﬃ"'0"wq ﬃ%$
@
$*'(ﬂﬁﬁ'( ﬂﬃ%$*ﬁAq ﬁ' / ﬃ%|s#"ﬁ!#"ﬂ[s%ﬀ"    ﬃ ' $*3$*"3<as.
z
ﬀU
%
q ﬁ)(#"
+-,ﬀ$&ﬂﬃ%!3$-ﬂﬁ|q,ﬀﬁ3$&
8
(#"#"*ﬀ$*" s1
-/ 0 2
9U $*'(*" '($ $* $*ﬃ%$/ﬃo=ﬀﬂﬃ'($ " ﬁs|o#'Pvq'(ﬁﬂAv 3$&
 s.{7#"wq,Po# #"Iq
8
("#"<3  s1ro3ﬃ%$*!Av ﬀﬂﬃ-*q,ﬀﬁ9ﬁaq[q'(ﬁﬂ
z
s19~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"wq ﬃ%$

ﬃ7o#3ﬂ -,ﬀ$&ﬂﬃ%!
#" t ﬀﬃ~[sAv 3$&v ' /ﬃN,!#q,ﬀﬁ ﬁaq[q'(ﬁﬂ ﬀ ﬀUx    !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ '(as
@
as'(ﬁ" o# "'($&s#"t Po33 ﬁ"
 t '(ﬁwv - ﬃ2"'($&"3$*"ﬂﬃ~[s#"
z
s1~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"q ﬃ%$  ﬀ$*"so=(",/Zo=ﬀ$,as2$*3 ﬂﬁ
@
$*'(*"ﬁAv ﬀﬁ-*'($*"
-* s.{7#"wq,Po# #"q
8
("#"$* (ﬀﬁﬂﬃ q,("Ks'(ﬁ" &* s.{7'($ q,(""  s1s%ﬃv ﬃ%',{ ﬃ"'0"wq ﬃ%$
z
s1o#'($Uy0 ﬁﬀﬂﬃ'($
 s1 ~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"wq ﬃ%${7* 3  s1 ~ ﬁﬂﬃ" ﬁ,{ ﬃ"'0"wq ﬃ%$ "ﬂ ﬁsﬀUx)  !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($q'( ﬁ|so=ﬀ$,as
$*3 ﬂﬁ6#"ﬂ   s.{7'(ﬁ(/ﬁ 
7.3%
q'( ﬁ}sv '   !AsFo3ﬂﬁ'($ ﬃ&* 3
8.9%
q'( ﬁJs v '  v*'($ ﬃ-*D   ﬀ$*"
so=("ﬀ/v '     !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ v ﬃNx 
@
s1 "ﬂﬃ%ﬂ,ﬀﬂﬃ'($ #"ﬂﬀ/ﬃ !3ﬁ3$&D)
$)*3
@
s.{7#"wq,Po# #"Jq
8
("#"
#"v ' /ﬃN,   −1.17% q '( ﬁs9v '   !AsFo3ﬂﬁ'($ ﬃ-* 3 −2.2% q'( ﬁ srv '  rv*'($ ﬃ-*Dﬃ2 ﬀUx
  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($)#"ﬂ|-,ﬀ$&
z
s% ﬃ'v ' /ﬃN,!  −1.6% q '( ﬁ|sKv '  ?!AsFo3ﬂﬁ'($ ﬃ-*3 −2.2% q'( ﬁ|s
v '   v*'($ ﬃ-*D<$ 3$% ! / ﬃ%&*q'( ﬁKso=ﬀ$,asv ﬃNx/
@
s1r-ﬃ'Ps1ﬀﬂﬃ'($ ,{ ﬃ"'0"q ﬃ%$)#" /
z
s.{7#"wq,Po#
 #"}q
8
("#"
4"     
  ﬀﬁ ﬀ
  { aq ﬁ)(#"s#"ﬁ!#"ﬂ[s%ﬀ""ﬂ ﬁs#"t Po33 ﬁ", It '(ﬁwv  (""'Ho3ﬃ!#"
z
o#o=ﬀ$,as   !#"ﬃ%$&!Ay0ﬁﬀﬂﬃ'($
@
$*'(*"|:' *:'($*"
-*s#"Kt Po33 ﬁ" t '(ﬁwv 
R+−
3?3$*"'(ﬁﬂﬃAs
T+−
 !Aq3$ 3$&# #"o3ﬃ%$ (ﬀﬁﬂﬃ1a~[s#" ,{ ﬃ%$&!Ay0ﬁﬀﬂﬃ'($ -ﬃ1
s#" 3ﬁwv #"
u` @ t1`
3
t1`
*ﬀ$*"Ks#"It '(ﬁwv[s#"=, U/.93 , U . <$  '(ﬃ% ﬃ%$-!Ay0ﬁ3ﬁs ﬀUx /ﬃ !3ﬁ3$&ﬂﬃAs 3$
 ﬂﬃs%ﬃ" ﬀ$&}s1 t '(ﬁwv5[sy:!3$*!3ﬁas
J5 @
 '($ $*!#q,ﬀﬁ , /. 
ﬁﬃﬂ "!$#&%')(ﬃ*,+ %'
-.%/.0)1 23.465ﬃ(7+ 86+ %':9<;<=$?>A@CBEDGF.HJIK@ L MJ@ L IN@CL OJPQ@CL OJ;R@ L SRTR(ﬃ!1 (ﬃ/.1 21 !$U!1 2ﬃ/.4V-"W /.'.2X+ 'Y*,5ﬃZ46!1 2[\/.1 *,+ 3)1 2]-.2-.+ []2ﬃ'.86+ %'
k
!ﬃUY27(
1 ≤
k ≤ 6 ^
"!V[]5_*,`.%?-.2R/)*,+ 1 + 8a572J-.!')8A(ﬃ278+ '?*657Z46!b*6+ %'.8[c/.1 *6+ 3.1 278K2ﬃ8a*J1 !\[]5ﬃ*,`)%d-.2R-.2<;R!/.868
^.e
2_*6*,2R#&%'.(_*,+ %'#&!+ *!3.3 2ﬃ1"fV/)'.2R46%/)*,+ '.2J!/)gd+ 1 + !+ 4a2\hKiAjKkml
^
MJ@ L IN@]86%'Y*1 278N3 %+ 'Y*,8K2ﬃg?*,46nﬃ[]2ﬃ8A-.21QW + '?*,2ﬃ4aU!1 1 2m-"W + '?*,5ﬃZ46!b*,+ %'3 %/.4K1 !cU!46+ !0.1 2AS\L?od/.+C2ﬃ8a*A/.']*,!0.1 2ﬃ!/-.2J-.+ []2ﬃ'.86+ %']86/.3 5ﬃ46+ 2ﬃ/.462%/5ﬃZ!1 2Rf
ﬁ
^
OJPQ@V278p*
1 2V'.%[c0.462c-.2\86%/)8aqE+ 'Y*,274pU!1 1 278R5ﬃZ!/)gro?/.+s(ﬃ%[]3 %8627'Y*c1EW + '?*6274aUb!1 1 2VBQMJ@CL IK@dT
^
OJ;R@t2ﬃ8a*<1 2\')%[\0.462c-.2\3 %+ '?*,8J-)2Vod/)!-.46!b*,/.4a2\-.2\;<!/.8a8<o?/.+G8a2746!/)*,+ 1 + 865
-.!'.8J(,`.!(ﬃ/.'r-.2ﬃ8ROJPE@86%/.8aqE+ '?*,2ﬃ4aU!1 1 2ﬃ8cBQ3.!4J-)5ﬃ#&!/d*<OJ;<@XU!/)*

T
^
"!X46%/)*,+ '.2
FSUBk
2ﬃ8a*R-.2c1 !]#&%46[]2\F.HJImuNv<H>PEOJwxDsF.HJIN@yBE=L H@ L Ds@ L SRTﬃLd!7UY2ﬃ(XH@ LCDs@t2_*RS-.2<*pzd3 2V9J%/.0.1 2\{|465ﬃ(7+ 86+ %'t2ﬃ*<=}/.'t27'Y*,+ 2ﬃ47LC~Cgd5\3)!4
9<;<=$?>A@
^
H@t2ﬃ8a*</.'$*,!0.1 27!/rf/.'.2c-.+ []2ﬃ'.86+ %'$o?/.+G-.%+ *Rnﬃ*,4a2\-.5ﬃ(71 !465V-.2c-.+ []2ﬃ'.86+ %'BpbT
^
2\(ﬃ%'?*627'?/y-.2\(ﬃ2\*,!0.1 27!/r2ﬃ8a*R~Cgd5V3.!4R9R;c=td>A@
^
Ds@278p*
/.'t*,!0.1 27!/rfX/.')2c-.+ []27')86+ %'$-)%'?*R1 2c(ﬃ%'?*627'?/y-.%+ *Jn_*,462c462ﬃ[]3.1 +3.!4RDGF.HJIK@t2_*RS2ﬃ8a*R/.'t*,!0)1 2ﬃ!/rf/)'.2c-)+ []2ﬃ'.86+ %'tod/.+"-.%+ *nﬃ*,4a2\1 2<[]nﬃ[]2\o?/.2\(ﬃ271 /.+
od/.+"!3.3.!46!b *R(7%[][]2c!46Z/.[]2ﬃ'?*<-.2c9R;c=td>A@
^
v<'r5ﬃ(74a+ *R/.'.2c3.462ﬃ[]+ ﬃ462\4a%/)*,+ ')2VDGF.HJI
ﬁ
BE=L H
ﬁ
L D
ﬁ
L SRT-.!'.8J1 !od/.2ﬃ1 1 2\S2ﬃ8a*</.'$*,!0.1 27!/r-.2<*,46%+ 8RUb!46+ !0.1 278Jo?/.+G8a%'?*<1 2ﬃ8*,46%+ 8JU!46+ !0)1 2ﬃ8J-"W + '?*,5ﬃZ46!b*,+ %'"L
spi
L
s`
2ﬃ*
cos θpi ^
v<'3.46%Z46![][]2-.!'.8c(72_*6*,246%/)*,+ '.2]*,%/.8V1 278c%0)a2_*,8]-.2X'.%b*6462(ﬃ!1 (ﬃ/.1
I1
L
I2
Ls1 2ﬃ8c# !(ﬃ*,2ﬃ/.468]-)2X# %46[]2
^ﬃ^7^
KW !46Z/.[]2ﬃ'?*
F1
-.2X(72_*6*,2
46%/)*,+ '.2R278a*57Z!1"f]1EW 2_gd3.462ﬃ8686+ %'-./*6!/)gt-)+ "57462ﬃ'Y*,+ 2ﬃ1 -.2R-.578a+ 'Y*,57Z4a!b*,+ %'$o?/.2R1EW %'t(,`.2ﬃ46(,`.2<f]+ 'Y*,5ﬃZ462ﬃ4
^ F1
2ﬃ8a*J-.%')(c5ﬃ(74a+ *(ﬃ%[][]2</.'.2J#&%'.(_*,+ %'-.2R*,46%+ 8
U!46+ !0)1 2ﬃ8JS\B
ﬁ
TﬃLCS\BQT2ﬃ*RS\B
@
T
^
v<'$/d*,+ 1 + 862R/.'.2R-.2ﬃ/)gd+ ﬃ[]2c4a%/)*,+ ')2cDsF.HJImdBQ=L HJdL DGdL SRTA-)!'.81 !o?/.2ﬃ1 1 2cDsX'W 2ﬃ8a*J!/)*,4a2co?/.2<1 2<46578a/.1 *,!b*R-)2c1QW + 'Y*,5ﬃZ46!b*,+ %'t862ﬃ1 %'
cos θpi
BQ3.!42_gd27[]3.1 2Tmf
1EW !+ -.2<-.2VDGX9R;c=$?>
ﬁ
BEDsF.HJI
ﬁ
L
^7^7^
T
^
M'.%/)UY2ﬃ!/"L"'.%/.8<5ﬃ(746+ UY%'.8\/)'.2V'.%/)UY2ﬃ1 1 2]46%/)*,+ '.2]DGF)HJI
@
BE=yL H
@
L D
@
L SRTR-.!'.8<1 !o?/.271 1 2]D
@
462ﬃ3.465ﬃ862ﬃ'?*,2X1 2]46578a/.1 *,!b*c-"W /.'.2\-)27/)gd+ ﬃ[]2]+ 'Y*,5ﬃZ46!b*,+ %'862ﬃ1 %'
spi
BQ3.!4J2_g)2ﬃ[]3.1 27T!7UY2ﬃ(]D
@
9<;<=$?>dBEDGF)HJI
ﬁ
L
^ﬃ^ﬃ^
T
^
PE1|'.2\46278p*,2]3.1 /)8Jod/"W fX!3.3 271 274R/.'.2c-.2ﬃ46'.+ ﬃ462\# %+ 8R1 !X#&%'.(_*,+ %'y-"W + 'Y*,5ﬃZ46!b*,+ %'y9R;<=$d>
@
BEDGF.HJI
@
L
^^ﬃ^
TR3 %/.4J+ '?*657Z462ﬃ4<86271 %'y1 !-.274a'.+ ﬃ462cUb!46+ !0.1 2
s` ^
"2
46578a/.1 *,!b*J~ ')!1G278p*R1 2R*,!/)g$-)2\-.5ﬃ86+ 'Y*,5ﬃZ46!b*,+ %'
K`4 Ł
 7
K`4
(Mpi,MK)
† (Mpi,MK)†
W H]PgPgK[PRU	e ﬁPVCM	K[P ‡ 	HJLKNM	O(KNS$U	iNOQVLW7K[ZC\QHJLK
 aﬁ_ﬁK_ﬁK _0i[PgVXZC\iSl`O^Hf\QVXa]Z
h 
f j
mu = md mu 6= md h fCi j
e = 0 e 6= 0
piopioe+νe
i

i

g 

g g	Dg


n
k
g	 ×10−9   n k g	 ×10−9 
piopioµ+νµ
g
an g
=g g;g




k
n`j ×10−10  

k
n`j ×10−10 
piopi−e+νe j
i
g j
i
g j;j;n g

0g

f-k
n;j ×10−9   f-k n
 ×10−9 
piopi−µ+νµ j`j j;j j 
k



i-k

i ×10−10   i-k n`n ×10−10 
†(Mpi,MK) = (135, 493.6)MeV
3
(137, 497.7)MeV
q '( ﬁs#" !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($*"
K`4
$*3 ﬂﬁ;3v ﬃNx/
ﬁ#"wqFo3ﬂﬃ:Av 3$&A+aP
‡ 2#"v !#"'($*" '($&9s3 ﬁ9v(""#"q
8
*/"ﬂﬃ-*#"vﬀﬃ"s#"v(""#"
z
s s%ﬃv ﬃ%),{ ﬃ"'0"wq ﬃ%$ ﬁ#"ﬂ3$&
z
s3 ﬁ"
as3 ﬁ"
(Mpi,MK)
† 
  
CBr®DFE GIH`JXK[M	OQP Z$M	WKiNOQVCM	K1P _	K[P \QH`MﬁS _ﬁKY_Di[PgVXZC\mi l`O^Hf\QVXa]Z KNZ
s−1
UFa`M-O JLK[P<dNH`Z-HM	S Z-KNMﬁ\QOgK7KT\<WYVS$\gKY_ﬁK
K`4
k
H,\QOga]VLPgVNWYKJLVWl`Z	K
_ﬁK
dTKR\^Hc	JLK[H`M OQKNU	Omi[PgKNZC\QKJ H dNa`ZHl`M	O^Hf\QVXa]Z a7J  a]Z7dNa`Z-PgVL_ﬀNOQKJLK[PKﬁFKN\QP _ﬁK
J H"c	OQVLPgM	OQK _  VLPga]PgU	VLZ
mu 6= md KN\ JLK[P Kﬂﬁ KT\^P i[JXK1d>\QOga]WYH;l`Z0iN\gVCM	K[P e 6= 0 kﬃ a`M	O dTK[P _ﬁK[MﬁS dNHZbHMﬁS! 
VLJ,Z  ;HﬃU-H`P"_	K dTa]Z]\QOgVLc	Mﬁ\QVXa]Z _ﬁM 
 H`dT\gK[M	O*_ﬁK 
&a`OQW7K \QKNZ-Pga`OQVLKNJ
k"
K1P*d^e	V#ﬁFOQK[P"KNZC\gOQK U-H`OgK[Z]\Qeﬀ[PgK[P
OQKNU	Omi[PgKNZC\gK[ZC\JLK \^HMﬁS*_	K<_0i[PgVXZC\iSl`O^Hf\QVXa]Z"JXa]OQP$CM	K\Qa`M-P(JLK[P 
 H]d>\gK[M	O^PR_	K 
&a]OgWYK Z	a`Z  Z$M	J P(Pa]Z]\(WYVLP 
g
k
(Mpi,MK)
† (Mpi,MK)†
W H`PQPK1PRU	e $PgV]M-K[P ‡ 	H`JXK[M	O
KTSﬁU	iNOQVXWYKNZC\^HJLK
 aﬁ_ﬁK _ﬁK_Di[PgVLZ]\mi l]OQH\gVLa`Z
h 
f j
mu = md mu 6= md h f]i j
e = 0 e 6= 0
pi+pi−e+νe gAn% g n%an g n%`n  n%
f

f-k
 ×10−8   fbk  ×10−8 
pi+pi−µ+νµ g j;j gAj
fbk

g j

k
n g`g




i	k
g ×10−9   i-k g ×10−9 
†(Mpi,MK) = (139.6, 493.6) &
(' q '( ﬁ}s#", !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($*"
K`4
o
8
ﬀﬁwy:!9A+a0
‡ 2#"v !#"'($*" '($&9s3 ﬁ9v(""#"q
8
*/"ﬂﬃ-*#"vﬀﬃ"s#"v(""#"
z
s s%ﬃv ﬃ%),{ ﬃ"'0"wq ﬃ%$ ﬁ#"ﬂ3$&
z
s3 ﬁ"
as3 ﬁ"
(Mpi,MK)
† 
  
CBr®D*)-E GIHJLKNM	O^P Z$M	WKiNOQV]M-K[P"_ﬁK1P \^HMﬁS _ﬁK _Di1PVLZC\i l]OQH\gVLa`Z KNZ
s−1
Uba]M	O"JLK dNH`Z-HJ d^e-HOml;i _ﬁK
K`4
k+
H
\gOQa`V PgV#[W7K dTa`JLa`Z-Z	K _ﬁK7dTK \^Hc	JLK[H`M OgK[U	Omi[PgKNZC\gK J H"dNa`Z=l]M	O^Hf\gVLa`Z a J  a`Z dTa`ZbPV _NOQK JLK[P,Kﬂﬁ KT\QP<_ﬁK JLH
c	OQVLPgM	OQK_  V Pga]PgU	VXZ
mu 6= md KN\JXK1P(Kﬂﬁ KT\QPiNJLK[d>\QOga]W Hl`Z=iT\gVCM	K[P e 6= 0 k
2 oﬀ$,as
pi+pi−
#"ﬂZs "3[s- ﬃ?ﬃvq[s%ﬃ-* s.{7 x/ﬃ"ﬂ3$o# ,{  $ t-Po33 ﬁﬃ  t '(ﬁwv  3$*"'(ﬁﬂﬃAs/
z
s
q ﬁ!#"3$o#ﬃ/ q
8
'('($

ut(Po33 ﬁ Zt '(ﬁwv  #"  $* o#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($*"uq  ﬁAv 3$- !AsFo3ﬂﬁ'Pvay0$*!3ﬂﬃ-*D

s.{7'(ﬁ(/ﬁsIq[s%*"~,("
@
s#"* 3"! Ks ~ ﬁﬂﬃ" ﬁ,{ ﬃ"'0"wq ﬃ%$ 3s.{7 x ﬃ"ﬂ3$o#/t(Po33 ﬁ! It '(ﬁwv 93$*"'(ﬁﬂﬃAs
"'($&$&[v !3ﬁﬂﬃ-*Av 3$&9$*!AyDs%ﬃy:a~[s#"ﬀ.ﬀ$*"|o#oﬀ$,as.
D
#",/ﬃ!3ﬁ3$-"ﬁ!#"ﬂ[s%ﬀ"  o#o
8
aq ﬃ%ﬂﬁ'($-!3!Kq ﬁ!#"3$-!#"'(ﬁasAv 3$&
z
s o#'($Ut !3ﬁ3$o# "!	!	9=
z
;3ﬁﬂ$* ,

 ﬃ""0.39'($-It-ﬀﬃ%Js.{7'P~ ' 3 ,{  $ o#'Pvq  	 ﬁ3$/  aR"
-/ 0 2
 UA+ ﬃss%*"ﬂﬂﬁs9o#'($-ﬂﬁﬂﬃ~  ﬂﬃ'($
  s.{ aq[q ﬁ'Fx/ﬃvﬀﬂﬃ'($ 3$ ﬀﬁw~ ﬁ ﬀ ﬀUx)   !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($)3$
%
q,ﬀﬁﬁaq[q'(ﬁﬂ
z
sas3 ﬁ x	q!3ﬁﬂﬃv 3$ 	
as ﬁ!#"ﬂ[v !# .ﬀ$*" s
-/ 0 2
UU   { aq ﬁ)(#"s#"/ﬃ !3ﬁ3$&" ﬁ!#"ﬂ[s%ﬀ"q ﬁ!#"3$&!#"#.ﬀ$*"o#ro
8
aq ﬃ%ﬂﬁ
@
s
pi+pi−e+νe pi+pi−µ+νµ piopioe+νe piopi−e+νe
JLVXWYVX\gK _ V PaCPU-VXZ

%
k
n % g

k i
%

%
k

% j
i
%
mu 6= md KT\ e 6= 0  % k n % g  k j % f n k  % j;j %
	 
]B®D
	FE a]Z]\QOgVLc	Mﬁ\QVXa]Z7_	KRJ  HU	U	OQa SﬁVXW H\gVLa`Z K[Z7H`Ogc-OgK(HM \QH`MﬁS _ﬁK_Di1PVLZC\iSl`O^Hf\gVLa`Z
K`4
KN\IKﬂﬁ KT\ _ﬁK(J H c-OgV PM-OgK
_  VLPga]PgU	VLZ
k
~ ﬁﬂﬃ" ﬁ&,{ ﬃ"'0"wq ﬃ%$ 3s#"* 3"?!AsFo3ﬂﬁ'Pvay0$*!3ﬂﬃ-*#"${ < Fo33$&&* s#"t-Po33 ﬁ" t '(ﬁwv &/ oﬀ$,as
  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ $*3 ﬂﬁ?3s.{7#"wq,Po# #"|q
8
("#",/ oﬀ$,asﬂ  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($v ﬃNx D#"*3""'($&
ﬁ#"q Fo3ﬂﬃ:Av 3$-) Zs.{7'(ﬁ(/ﬁ  /+
%
3 	 7
%
q '( ﬁrs#"v '  #" $*3 ﬂﬁ 3rv ﬃNx  , s#"rq '( ﬁo#3$-ay:#"
ﬁAq ﬁ!#"3$&3$&s v ' *:3$ $*pq'( ﬁs#"v '  #"5!AsFo3ﬂﬁ'($ ﬃ-* 3 v*'($ ﬃ-*0. ﬃ2roﬀ$,aso
8
ﬀﬁwy:! ${7#"q,("
< Fo3!Jq,ﬀﬁ s~ ﬁﬂﬃ"ﬂ ﬁﬀ,{ ﬃ"'0"wq ﬃ%$
@
$ ﬃ>q,ﬀﬁ s#" * 3" !AsFo3ﬂﬁ'Pvay0$*!3ﬂﬃ-*#"] '( ﬁ s#"oﬀ$,ﬀUxo
8
ﬀﬁwy:!
@
$*3 	
ﬂﬁ 3v ﬃNx/ ﬁ#"wqFo3ﬂﬃ:Av 3$&
@
s.{ aq[q ﬁ'Fx/ﬃvﬀﬂﬃ'($ 3$ ﬀﬁw~ ﬁ $* ﬁAq ﬁ!#"3$&p&*
39.2% @ 42.7%
3
55%
/ ﬀUx    !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($uv #" ﬁ!< xUq !3ﬁﬂﬃv 3$-asAv 3$&-, q'( ﬁs}v '  !AsFo3ﬂﬁ'($ ﬃ-*0. ]+'( ﬁsJv '  
v5*'($ ﬃ&*
@
s"3[s}as3 ﬁ  x	q!3ﬁﬂﬃv 3$&as /ﬃ"wq'($ ﬃ~[s#"ﬂ o#Assﬀ/oﬀ$,as>o
8
ﬀﬁwy:!DH { aq[q ﬁ'Fx/ﬃvﬀﬂﬃ'($ 3$
ﬀﬁw~ ﬁ9q '( ﬁo# v '  6$*6ﬁAq ﬁ!#"3$&&*
13.5%
/AﬀUx%  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($v #"ﬂ ﬁ!  x	q!3ﬁﬂﬃv 3$&as 	
v 3$-
roaso3[s3$ ﬀﬁw~ ﬁ ${7#"ﬂq,("5" " "ﬀ$&q '( ﬁ6 xUq[s%ﬃ&*3ﬁs#" v #" ﬁ#"5 xUq !3ﬁﬂﬃv 3$-as#"  <'(*" A:'($*"
oaso3[s3ﬁs#"o#'($-ﬂﬁﬂﬃ~  ﬂﬃ'($*"
z
s.{7'(ﬁ(/ﬁ,{  $* ~ '(oAs63$)ﬃ%$oAs%,ﬀ$&s#"* 3"  #"o#'(ﬁﬂﬁFo3ﬂﬃ'($*"ﬁ+/ﬃﬀﬂﬃ:#"
, !Fo
8
ﬀ$[y:!  q
8
'('($  ﬃ%ﬁﬂﬂ*As. ﬀﬃ%$*"ﬂﬃ	-* s#" * 3"   s}~ ﬁﬂﬃ"ﬂ ﬁ ,{ ﬃ"'0"wq ﬃ%$

Fo3ﬃ/#"ﬂ7s ~  6 #"7o
8
aq ﬃ%ﬂﬁ#"
" ﬃﬀ$-"
a
  	
  

  	   ﬂ
 !  ﬂ
 
   "	 ﬂ 
 ﬃoﬁﬀoﬃﬂ,aq "!$#%ﬀ'&'(*)ﬀ xUq[s"o+"!%ﬀ+#%(*ﬃs,ﬀﬁﬃoaso+)[s,.- ﬀﬁﬃoﬁ(*#$#%ﬀFo+!$,(*#*-/!$0ﬀﬁ )q #%(	oﬁﬀﬁ%$)
Ke4
o%ﬂ,#wy01
, 0.q #%(0ﬀ+,2!3- ﬀﬁ3-/ay'#avv4ﬀﬁ F0ﬀFo51Fo%ﬂ,[y0ﬀ5-,{ ) Zq ﬂ(*!%(*Z6"#$!$)ﬀAs , 
	 U0. 
75 8:9<;>=$?A@<;>=%9CBED
F(*) #rv4ﬀﬁ$) #%ﬀ+#9s,ﬀG- 1Aq ﬂ,*ay0ﬀZq ,(* 	.q ,(*H&.s|t-) !I1A6,- ﬀAv4ﬀ+J!rv4ﬀﬁ$) #%ﬀ+#I- ﬀﬁI"J!%ﬀ+# tK1+#%ﬀ+oﬁﬀﬁLﬀ+2!$#%ﬀM- ﬀ+)Ux
t-Po+!%ﬀ+) #%5- ﬀ tK(*#wv4ﬀDH s,ﬀ9o,as
K`4
o%ﬂ,#wy01;, 0.Ks,ﬀﬁt(Po+!%ﬀ+) #%N- ﬀtK(*#wv4ﬀ
F
ﬀ+!
G
%(*J!O(*PJ)[s,

ﬀFo+Qﬀﬁ$!C- 1Q'
z
) ﬀq #%ﬀAvR (+#%ﬀv4(*!$!$,(* qS(*) #C1+!$)-/,ﬀ+#}s,ﬀo,as'oﬃﬂ,#wy01D
H(*#%2)ﬀ s.{T(* v4ﬀﬁ$) #%ﬀs,ﬀP#aq[qS(*#$!U- ﬀﬁV!)UxW- ﬀX- 1ﬁ$"J!%1Ay'#!$,(* qS(*) # s,ﬀﬁv4(2- ﬀﬁU1As,ﬀFo+!$#%(* 2)ﬀﬁYﬀ+!
vN)(* 2)ﬀﬁZ& (*)3(P~ !%ﬀ+(*
ΓK+e4
ΓK+µ4
∼ 3.
HﬀJv4(2- ﬀ[1As,ﬀFo+!$#%(* J)ﬀ\ﬀﬁ$! "$Sﬀ x	qS1+#$v4ﬀ+J!as,ﬀAv4ﬀ+2!|q #$6s,1Ay',1D  [(*)<1+!$)-/,ﬀ+#%(*]- (*o}s,ﬀIo,as
K+e4
&
(*^O(*)F1AyDs"y0ﬀ+#%(*'s,ﬀt-Po+!%ﬀ+) #_- ﬀt`(*#wv4ﬀ
R
&o#7oﬁﬀAs") 	o+ aq[q,#ba,!7v5)[s"!$q[s",1 q,#7sv*%ﬃﬀ.- ﬀﬃs.{T1As,ﬀFo+!$#%(*
Hﬀt(Po+!%ﬀ+) #.- ﬀ tK(*#wv4ﬀ]- ﬀs.{ (Pvas",ﬀ
H
aq[q,#ba,!
z
s.{T(*#%-/#%ﬀ
p4
- ﬀs[!$ﬂ1ﬁ(*#$,ﬀC- ﬀﬁqcﬀ+#$!$) #w~,!$,(* o%ﬂ "#as,ﬀﬁZ&
"$-,{ aq #)(ﬁ ,97U87D 	 7U87ﬁ/.d&,s,ﬀﬁeﬀdfgﬀ+!%e- ﬀ sr~ #$,$) #%ﬀR-,{ ,%('wq "hﬀ+!e- ﬀﬁoﬁ(*#$#%ﬀFo+!$,(*N1As,ﬀFo+!$#%(Pvay'1+!$2)ﬀﬁ
%ﬀ+#%(*J!3-,{T(*#%-/#%ﬀ
O(p4(mu −md)) ﬀ+! O(p4e2),
oﬁﬀJ) ﬀﬁ%!i$)[qS1+#$,ﬀ+) # )Uxj(*#%-/#%ﬀﬁi#%ﬀFo%ﬂﬀ+#oﬃﬂ1ﬁ ,97U87ﬁ/. 2kl"$m&Ps,ﬀt(Po+!%ﬀ+) #i- ﬀtK(*#wv4ﬀ
H
%ﬀ+#[#%ﬀAvq[sPoﬁ1l-.
sj$) "!%ﬀq,#Cas,ﬀ+) #
z
s s"vR"!%ﬀN-,{ ,%('wq " oaso+)[s,1ﬁﬀq,#lnhﬀﬁ%Cﬀ+!J>)[vR"( aP
H = −
√
2M3K
8pi2Fpi
2 .
 3(*) q #$2s,1Ay',ﬀ+#%(*o) ﬀC(*!!$,(*p)  NtK(*#wv4ﬀ|qS(*) # s.{Tﬀ+%ﬀAv~[s,ﬀ3- ﬀﬁA-/ay'#avv4ﬀﬁFsq;{ ay'"#O-,{T1Fo+#$"#%ﬀ|s,ﬀﬁ
#%1ﬁ$)[s"!!%\- ﬀﬁ|t(Po+!%ﬀ+) #%\- ﬀtK(*#wv4ﬀEﬀ+ t(,J! aq[q,#ba,!$#%ﬀj)  2)ﬀAv4ﬀ+J!Ks,ﬀﬁJt`(*o+!$,(*
z
) H&>- ﬀ+)Uxg&q!$#%(*,
ﬀ+!I2),!$#%ﬀqc(*"2!%  31[v4(*"r& 0ﬀFos.{ ,- ﬀR- ﬀ s.{ aq[qSﬀ+-/oﬁﬀR$) #Koﬁﬀﬁ[-/sfg1+#%ﬀ+J!%ﬀﬁt`(*o+!$,(*Z&>(*)KqS(*) 	
0(*\(P~ !%ﬀ+ "#[) ﬀtK(*#wvN)[s!$,(* q[s")\- 1+!ss,1ﬁﬀj- ﬀ oﬁﬀﬁ3#%1ﬁ%)[s"!!%[(*^ s,ﬀﬁKoﬁ(*J!$#$~ ) !$,(* s,(Py #$"!$ﬂ[vRJ)ﬀﬁ
aq[q,#,%%ﬀ+2!lﬀ x	q[s"o+"!%ﬀAv4ﬀ+2!
D
K+
pi−
ν`
`+
pi+
pi−
ν`
`+
pi+
K+
K+
`+
pi−
pi+
ν`
K+
`+
pi−
pi+
ν`
pi+
K+
pi−
`+
ν`
pi−
ν`
`+
pi+
K+K
+
pi−
ν`
`+
pi+
pi−
ν`
`+
pi+
K+
pi−
ν`
`+
pi+
K+
pi−
ν`
pi+
K+
`+
pi−
ν`
`+
pi+
K+
pi−
ν`
`+
pi+
K+
ν`
pi−
`+
pi+
K+
`+
pi+ pi
+
pi+
pi−
ν`
pi−
ν`
pi−
ν`
K+
K+K
+
pi+
ν`
K+
`+
pi−
ν`
K+
`+
pi−
pi+
`+ `+
©ª«>¬­B D $E

VLP\gK7_ﬁK[P _ﬁV Hl`O^HWYWYK[P  M	Z	K cFa`MbdTJLK U	M	OQKNWYK[Z]\ iNJLK[d>\QOga]W Hl`Z=iT\gVCM	K dTa]ZC\gOQVXc	MbHZC\QPH`MﬁS 
 H`d>\QKNM	O^P
_	K 
&a`OQW7K
F
 
G
KT\
R
k
D
HﬀﬁCﬀ xUq #%ﬀﬁ%$,(*C- ﬀﬁt-Po+!%ﬀ+) #%3- ﬀIt`(*#wv4ﬀ
F
ﬀ+!
G
%ﬀ+#%(*J![- (* 1ﬁﬀﬁl%(*)s t`(*#wv4ﬀ
F (
(*)
G) =
MK±√
2Fo
{
1 + δF (
(*)
G)
}
,
F0ﬀFo
δF (
(*)
G)
s,ﬀﬁ}oﬁ(*#$#%ﬀFo+!$,(*\-/)ﬀﬁ
z
s~ #$,$) #%ﬀ5-,{ ,%('wq "Mﬀ+! )UxGﬀdfSﬀ+!%31As,ﬀFo+!$#%(Pvay'1+!$J)ﬀﬁ$_(*) #
s,ﬀ v4(Pv4ﬀ+J!Z&Q(*)s,%%ﬀ+#%(*suJ),2!$"!%1
Fo
-.e('tK(*#wvN)[s,ﬀﬁZ&v,O-.s,ﬀ9oﬃﬂ,aq "!$#%ﬀoﬁ(*Po+#%1
z
s.{T1+!$)- ﬀEJ)[v41+#$2)ﬀ4- ﬀﬁ[#%1ﬁ$)[s"!!%Z&S(*)[#%ﬀAvq[sPoﬁﬀ+#%(*spoﬁ(*$!2!%ﬀR- ﬀE- 1ﬁ%"J!%1Ay'#!$,(*P-/) q ,(*
z
s
s"vR"!%ﬀo%ﬂ "#as,ﬀ'&
Fo
&[q,#C%(*Vﬀ x	q #%ﬀﬁ%%,(*Zoﬁ(*#$#$y01ﬁﬀ
z
s.{T(*#%-/#%ﬀO-,{ ) ﬀ~S(*)oAs,ﬀ
Fpi
- (* 1ﬁﬀq,# 87aP
Fpi = Fo
{
1− 2 M
2
pi
32pi2F 2o
ln
M2pi
µ2
− M
2
K
32pi2F 2o
ln
M2K
µ2
+
4
F 2o
[
(M2pi + 2M
2
K)L4(µ) +M
2
piL5(µ)
]}
.
Hﬀﬁt(Po+!%ﬀ+) #%l- ﬀItK(*#wv4ﬀ
F
ﬀ+!
G
ﬃﬀ+#%(*J! as,(*#%3- ﬀKst`(*#wv4ﬀ
F (
(*)
G) =
MK±√
2Fpi
{
1− 2 M
2
pi
32pi2F 2pi
ln
M2pi
µ2
− M
2
K
32pi2F 2pi
ln
M2K
µ2
+
4
F 2pi
[
(M2pi + 2M
2
K)L4(µ) +M
2
piL5(µ)
]
+δF (
(*)
G)
 
	
+ δF (
(*)
G)
			
}
.
75     D- ;c@<;>DﬀﬁEBﬃﬂ L9!ﬃ" #ﬂ%$ﬃﬂ &('59];>9CB
)( *
)r,+D/.--0//21 $-=&*/3+P/ xa$-=+/
T
 #wvR3!%(*)9s,ﬀﬁL-/ay'#avv4ﬀﬁ
z
) ﬀZ~c(*)oAs,ﬀG- ﬀZq ﬂ(*!%(*H&i%ﬀ+)[s,s,ﬀﬁ9J),!$#%ﬀV-/ay'#avv4ﬀﬁL- ﬀZs 
	54
 U87 oﬁ(*J!$#$~ )ﬀ+2! ) t(Po+!%ﬀ+) #5- ﬀt`(*#wv4ﬀR!%ﬀ+ﬃ(*#$,ﬀAs.Q s.{T1As,1Av4ﬀ+2!5- ﬀv!$#$oﬁﬀL- ﬀ9oﬁﬀﬁN-/sfg1+#%ﬀ+J!%
K+
`+
pi−
ν`
pi+
`+
pi+
pi−
ν`
K+
pi−
ν`
`+
K+
pi+
pi−
ν`
`+
pi+
K+
©ª«R¬­B D76FE

V P9\QK _	K[P(_ﬁV Hl`O^HWYWYK[P  M-Z	K cFa`MbdTJLK U	M-OgK[W7K[ZC\%i[JXK1d>\gOQa`W H;l`Z0iN\gV]M-K dTa]ZC\gOQVXc	MbHZC\QPRHM 
 H]d>\QKNM	O
_ﬁK

&a`OQWYK
T
k
-/ay'#avv4ﬀﬁZ&Hs aq[q,#ba,!5- ﬀﬁq #%(6-/) "!%5- ﬀ9srt`(*#wv4ﬀ 6 a 6 b Hk s.{ ,- ﬀ4- ﬀﬁt`(*#wv5)[s,ﬀﬁN$!-.#%- E$) #s,ﬀﬁ
q #%(2-/) "!%]- ﬀﬁv!$#$oﬁﬀﬁl- ﬀ[["#Poeﬀ+!s,ﬀﬁ]1F2),!$,(*C- ﬀ\3"#Poe%) #s,ﬀﬁ]q "ﬀ+) #%Z&6(*)qc(*)[0(*]#av4ﬀ+ﬀ+#
oﬁﬀﬁ<!%ﬀ+#wv4ﬀﬁ
z
- ﬀﬁoﬁ(*J!$#$~ ) !$,(* )Uxt(Po+!%ﬀ+) #%C- ﬀJt`(*#wv4ﬀ
F
&
G
ﬀ+!
R
&/$
a
ﬀ+!
b
ﬀ\%(*J!q,*s,ﬀﬁ2),*-/#$ 	
vq )[s,$,(*E- ﬀﬁq ,(*E- ﬀ9s.{T1+!!,as, '.(*"# s98;:=<>: 0.  # oﬁ(*J!$#%ﬀ'& 6 p+ 6 p− ﬃﬀR#%1ﬁ1Fo+#$"!oﬁ(Pvv4ﬀ
p+ · p−− iσµνp+µp−ν UHﬀIq #%ﬀAvR,ﬀ+#]!%ﬀ+#wv4ﬀ\- ﬀKoﬁﬀ+!$!%ﬀe%(Pvv4ﬀKoﬁ(*J!$#$~ )ﬀ )pt(Po+!%ﬀ+) #<- ﬀJtK(*#wv4ﬀ R !-/,
J)ﬀKs,ﬀeﬃﬀFoﬁ(*- !%ﬀ+#wv4ﬀeﬀoﬁ(*2!$#$~ )ﬀ 2){ )ut-Po+!%ﬀ+) #3- ﬀIt`(*#wv4ﬀe!%ﬀ+ﬃ(*#$,ﬀAs
T

 { aq #)(ﬁs- 1  "!$,(* - ﬀ oﬁﬀt(Po+!%ﬀ+) #G- ﬀ tK(*#wv4ﬀ -.s.{ avq[s""!$)- ﬀ , A+/.pﬀ+! %(* #%1ﬁ$)[s"!!
z
s.{T(*#%-/#%ﬀ
s,ﬀKq[s")~,*-, U .d&(*)C(P~ !%ﬀ+(*
T+− = T
?@	5
	BA@
@C EDF
+− + δT+−
= T
?@	5
	BA@
@C EDF
+− + 2e
2m`M
2
K±√
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(q2 −m2γ)[(k − q)2 −M2K ]
= (ie2)
4GFV
∗
us
3Fo
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ﬀ+!
δF

= −8e
2
3
{
2B(k;mγ ,MK)−B1(k;mγ ,MK)
}
δG

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∫
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µ(1− γ5) v(p`)
∫
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(k + 2p+ − p− − 3q)µ(2k − q).(2p+ − q)
(q2 −m2γ)[(p+ − q)2 −M2pi ][(k − q)2 −M2K ]
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− 2(tpi − ΣpiK)[C(p+, k;mγ ,Mpi,MK)− C1(p+, k;mγ ,Mpi,MK)
−2C2(p+, k;mγ ,Mpi,MK)] +B(p+;mγ ,Mpi) +B(k;mγ ,MK)−B1(p+;mγ ,Mpi)
−2B1(k;mγ ,MK) +B1(k − p+;Mpi,MK)
}
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{
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+B(p+;mγ ,Mpi) +B(k;mγ ,MK)−B1(p+;mγ ,Mpi)−B1(k − p+;Mpi,MK)
}
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2
pi − upi) + [(k − q)2 −M2K ] + [(p− − q)2 −M2pi ]− (q2 −m2γ)
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2(ΣpiK − upi)C(p−, k,mγ ;Mpi,MK) +B(p−;mγ ,Mpi) +B(k;mγ ,MK)
−B(k − p−;Mpi,MK)
}
 {T1As,1Av4ﬀ+J!3- ﬀv!$#$oﬁﬀqc(*) #}s,ﬀe-/ay'#avv4ﬀ=, y:.<ﬀﬁ$!C- ﬀst`(*#wv4ﬀ
−iM
 
fi = (−i)(−ie2)
GFV
∗
us
3Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ[(6p`− 6q)−m`]γν v(p`)
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(q2 −m2γ)[(p` − q)2 −m2` ][(k − q)2 −M2K ]
.
ﬁﬀ
Hﬀ[J)[v41+#!%ﬀ+) #C- (*"! +!$#%ﬀ[- 1A0ﬀAs,(Pq[qS1Iqc(*) # t("#%ﬀ aq[q,#ba,!$#%ﬀKs,ﬀﬁoﬁ(*J!$#$~ ) !$,(* )UxL-/sfS1+#%ﬀ+2!%t-Po+!%ﬀ+) #%
- ﬀutK(*#wv4ﬀD 3) !$s",%ﬀs,ﬀﬁ9tK(*#wvN)[s,ﬀﬁ $) #rs,ﬀﬁ9v!$#$oﬁﬀﬁ - ﬀV["#PoVﬀ+!rs,ﬀﬁp1FJ),!$,(*p- ﬀU3"#PoV$) #s,ﬀﬁ
wq "ﬀ+) #% ﬀ+!C(*)t-,%(* aq[q,#ba,!$#%ﬀs,ﬀﬁq #%(Pq,ay !%ﬀ+) #%3vq[s"J)1ﬁ3-.|oﬁﬀO-/ay'#avv4ﬀD sg#%ﬀﬁ$!%ﬀ
(2s` + 3spi + 6P · L+ 3 6Q 6P − 4k · p` +m` 6P − 2p` · P + 3m` 6Q− 6p` ·Q+ 6Q · L) 6q
+2k · p`(2 6L+ 3 6P + 3 6Q)− [(p` − q)2 −m2` ] 6q+ 6L
{
[(p` − q)2 −m2` ] + 2[(k − q)2 −M2K ]
}
+
1
2
6P{[(p` − q)2 −m2` ] + 6[(k − q)2 −M2K ]}− 32 6Q{[(p` − q)2 −m2` ]− 2[(k − q)2 −M2K ]}
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=
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3
{
6(M2K +m
2
` − t`)C(p`, k;mγ ,m`,MK)− 2m2`C1(p`, k;mγ ,m`,MK)
+6(t` −m2`)C2(p`, k;mγ ,m`,MK) +B(k;mγ ,MK) + 6B(p`;mγ ,m`)
−2B1(k;mγ ,MK)
}
δG
 
=
e2
3
{
6(M2K +m
2
` − t`)C(p`, k;mγ ,m`,MK)− 6m2`C1(p`, k;mγ ,m`,MK)
+6(t` −m2`)C2(p`, k;mγ ,m`,MK)− 3B(k;mγ ,MK) + 6B(p`;mγ ,m`)
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√
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= L
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+ e `γµ` Aµ
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fi = (−i)(ie2)
GFV
∗
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3Fo
u(pν)γ
µ(1− γ5) v(p`)
∫
dDq
(2pi)D
(L+ 32P +
3
2Q+ 3q)µ(2p+ + q).(2p− − q)
(q2 −m2γ)[(−p+ − q)2 −M2pi ][(p− − q)2 −M2pi ]
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Hﬀ\J)[v41+#!%ﬀ+) #\%ﬀ\#%1ﬁ-/) "!lﬀ+ut(,2! aq[q,#ba,!$#%ﬀs,ﬀﬁ|q #%(Pq,ay !%ﬀ+) #%
(L+
3
2
P +
3
2
Q+ 3q)
µ
[
2(spi − 2M2pi±)− [(p+ + q)2 −M2pi± ]− [(p− − q)2 −M2pi± ] + (q2 −m2γ)
]
.
kJs,(*#%
−iM

fi = ie
2GFV
∗
us
3Fo
u(pν)γ
µ(1− γ5) v(p`)
{
2(spi − 2M2pi)
[(
L+
3
2
P +
3
2
Q
)
µ
C(−p+, p−;mγ ,Mpi,Mpi)
−3
2
(P +Q)µC1(−p+, p−;mγ ,Mpi,Mpi) + 3
2
(P −Q)µC2(−p+, p−;mγ ,Mpi,Mpi)
]
−(L+ 3
2
P +
3
2
Q
)
µ
[
B(p−,mγ ,Mpi) +B(−p+,mγ ,Mpi)
]
− 3
2
(P −Q)µB1(p−,mγ ,Mpi)
+
3
2
(P +Q)µB1(−p+,mγ ,Mpi) + LµB(p+ + p−,Mpi± ,Mpi±) + 3PµB1(p+ + p−,Mpi,Mpi)
}
 { aq #)(ﬁ ,

. s,ﬀﬁas,ﬀ+) #%l- ﬀﬁ}oﬁ(*J!$#$~ ) !$,(* )Uxrt(Po+!%ﬀ+) #%l- ﬀKtK(*#wv4ﬀe%(*2!
δF

= −e2
{
2(spi − 2M2pi)
[
C(−p+, p−;mγ ,Mpi,Mpi)− C1(−p+, p−;mγ ,Mpi,Mpi)
+C2(−p+, p−;mγ ,Mpi,Mpi)
]
−B(p−,mγ ,Mpi)−B1(p−;mγ ,Mpi)
−B(−p+,mγ ,Mpi) +B1(−p+;mγ ,Mpi) + 2B1(p+ + p−;Mpi,Mpi)
}
δG
 
= −e2
{
2(spi − 2Mpi)
[
C(−p+, p−;mγ ,Mpi,Mpi)− C1(−p+, p−;mγ ,Mpi,Mpi)
−C2(−p+, p−;mγ ,Mpi,Mpi)
]
−B(p−,mγ ,Mpi) +B1(p−,mγ ,Mpi)
−B(−p+,mγ ,Mpi) +B1(−p+,mγ ,Mpi)
}
 {T1As,1Av4ﬀ+J!3- ﬀv!$#$oﬁﬀ *%%(	o+,1 )M-/ay'#avv4ﬀ=, .Aﬀﬁ%!
−iM
 
fi = (−i)(−ie2)
GFV
∗
us
3Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ[(6p`+ 6q)−m`]γν v(p`)
(2p+ − p− + k − 2q)µ(2p+ − q)ν
(q2 −m2γ)[(p` + q)2 −m2` ][(p+ − q)2 −M2pi]
.
QﬀﬁC%ﬀ+)[s,ﬀﬁ|oﬁ(*2!$#$~ ) !$,(* )Uxpt(Po+!%ﬀ+) #%l- ﬀItK(*#wv4ﬀ
F
ﬀ+!
G
%(*2!l- (* 1ﬁﬀﬁ|q,#}s,ﬀﬁ]!%ﬀ+#wv4ﬀﬁ
(6P+ 6Q){6p` · p+ − 1
2
[(p` + q)
2 −m2` ]− 3[(p+ − q)2 −M2pi ]
}
+
{
m`(6P+ 6Q) + 2[(p` + q)2 −m2` ]
−3
2
spi − 3
2
Q2 − 12p` · p+
} 6q
 7
3G!$#%(*)[0ﬀ "$,s,ﬀﬁJoﬁ(*#$#%ﬀFo+!$,(*l$) J!%ﬀﬁ
δF
  
= δG
  
=
e2
3
{
6(M2pi +m
2
` − t1`)C(−p`, p+;mγ ,m`,Mpi) + 2m2`C1(−p`, p+;mγ ,m`,Mpi)
−6(2M2pi +m2` − t1`)C2(−p`, p+;mγ ,m`,Mpi)−B(p+;mγ ,Mpi)
−6B(−p`;mγ ,m`) + 2B1(p+;mγ ,Mpi)
}
{T1As,1Av4ﬀ+J!\- ﬀKv!$#$oﬁﬀ *%ﬃ(Ho+,1 )M-/ay'#avv4ﬀ ,X'). ) !
−iM
  
fi = (−i)(ie2)
GFV
∗
us
3Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ[(6p`+ 6q)−m`]γν v(p`)
(k + 2p+ − p− + q)µ(2p− − q)ν
(q2 −m2γ)[(p` + q)2 −m2` ][(p− − q)2 −M2pi ]
Hﬀﬁ}oﬁ(*2!$#$~ ) !$,(*
z
F
ﬀ+!
G
%(*J!3- (* 1ﬁﬀﬁ|q,#
6P{6p` · p− − 1
2
[(p` + q)
2 −m2` ]− 3[(p− − q)2 −M2pi± ] + 3q2
}
+ 6Q{6p` · p− − 5
2
[(p` + q)
2 −m2` ]
−3[(p− − q)2 −M2pi± ] + 3q2
}
+
{
m`(6P− 6Q) + 3 6P 6Q− [(p` + q)2 −m2` ]− 3(spi − 2M2pi)
} 6q
 3(*)C(P~ !%ﬀ+(*r&
δF
  
= −e
2
3
{
6(M2pi +m
2
` − t2`)C(−p`, p−;mγ ,m`,Mpi) + 2m2`C1(−p`, p−;mγ ,m`,Mpi)
−6M2piC2(−p`, p−;mγ ,m`,Mpi)−B(p−;mγ ,Mpi)− 6B(−p`;mγ ,m`)
−B1(p−;mγ ,Mpi) + 6B(p` + p−;m`,Mpi)
}
δG
  
= −e
2
3
{
6(M2pi +m
2
` − t2`)C(−p`, p−;mγ ,m`,Mpi)− 2m2`C1(−p`, p−;mγ ,m`,Mpi)
−6M2piC2(−p`, p−;mγ ,m`,Mpi)− 5B(p−;mγ ,Mpi)− 6B(−p`;mγ ,m`)
+B1(p−;mγ ,Mpi) + 6B(p` + p−;m`,Mpi)
}
.
Hﬀﬁ|say'#[y',ﬀ+ *%%(	o+,1ﬁ )Ux -/ay'#avv4ﬀﬁ[- ﬀKs 
	  uUR%(*2!C#%ﬀﬁwqSﬀFo+!$0ﬀAv4ﬀ+J!
(l) (m)(k)
`+
pi−
pi+
`+
pi−
pi+
pi+
pi−
`+
ν` ν`
ν`
K+ K+K
+
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a J H cFa`M-dNJXK _ﬁK,U	e-a\ga]Z"OQKNJLVXKJLK
K+
HM ]KNOg\gKTS7JXK[Uﬁ\ga]Z	V]M-K CJXK1P_ﬁK[MﬁS `KNOg\gKNS7a]M JXK JXK[Uﬁ\ga]Z*d^e-H`Ol`i
HM `K[O\QKTS  CM-Hf\QOgK WKi[Pga`Z-P
k
D
L
   
= ...+
1
6F 2o
(− pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi−
−K+pi−∂µK−∂µpi+ + 2K−pi−∂µK+∂µpi+ −K−K+∂µpi−∂µpi+)
+
{Bomˆ
2F 2o
(1 +
1
6R
) +
Boms
6F 2o
(1− 1
2R
) +
8
3
e2Zo
}
K−K+pi+pi−
+2ie (ν`Lγµ `) FoGFV
∗
usA
µK+ + ieAµ(K
−∂µK+ −K+∂µK−)
L
 
= ...+
2ieAµ
3F 2o
(
−K+pi−pi+∂µK− +K−pi−pi+∂µK+ −K−K+pi+∂µpi− +K−K+pi−∂µpi+
)
+2ie (ν`Lγµ `) FoGFV
∗
usA
µK+
L
  
= ...+
2ieAµ
3F 2o
(−K+pi−pi+∂µK− +K−pi−pi+∂µK+ −K−K+pi+∂µpi− +K−K+pi−∂µpi+)
+2 (ν`Lγµ `) FoGFV
∗
us∂
µK+ + e `γµ` Aµ

Poﬃﬂ,J!}2)ﬀ Bomˆ
2F 2o
(1 + 16R ) +
Boms
6F 2o
(1− 12R ) + 83e2Zo = 16F 2o (M
2
K± +M
2
pi± + 6∆pi)
&	s.{T1As,1Av4ﬀ+J!l- ﬀKv!$#$oﬁﬀ
*ﬃ%(Ho+,1 )V-/ay'#avv4ﬀ=, Ł .A{T1Fo+#$"!Z&,F0ﬀFo
νpi = tpi − upi
−iM
   
fi = (−i)(ie2)
GFV
∗
us
12Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ v(p`) (2k − q)µ
−[(k − q)2 −M2K ]− [(L− q)2 −M2K ] + 6q ·Q+ 3(spi + νpi)]
(q2 −m2γ)[(k − q)2 −M2K ][(k − p+ − p− − q)2 −M2K ]
−iM
  
fi = ie
2GFV
∗
us
6Fo
u(pν)(1 + γ
5) v(p`){3
2
(spi + νpi)
[
2(6L+ 6P )C(k, L;mγ ,MK ,MK)− (6L+ 6P )C1(k, L;mγ ,MK ,MK)
− 6LC2(k, L;mγ ,MK ,MK)
]− 1
2
[
2( 6L+ 6P )B(p` + pν ;mγ ,MK)− 6LB1(p` + pν ;mγ ,MK)
]
−1
2
(6L+ 6P )[2B(MK ;mγ ,MK)−B1(MK ;mγ ,MK)]
+3Qρ
{
2(6L+ 6P )[kρC1(k, L;mγ ,MK ,MK) + LρC2(k, L;mγ ,MK ,MK)]
−kρ(6L+ 6P )C11(k, L;mγ ,MK ,MK)− Lρ 6LC22(k, L;mγ ,MK ,MK)
−[kρ 6L+ Lρ(6L+ 6P )]C12(k, L;mγ ,MK ,MK) + ηµργµC00(k, L;mγ ,MK ,MK)}}
).) !$s",J!s - 1Foﬁ(Pvqc('$"!$,(* ,

ﬁﬀ/.d&s,ﬀﬁZoﬁ(*#$#%ﬀFo+!$,(*M%) #us,ﬀﬁt-Po+!%ﬀ+) #%M- ﬀ t`(*#wv4ﬀ *%ﬃ(Ho+,1ﬁ
z
oﬁﬀ
-/ay'#avv4ﬀ5- ﬀA2,ﬀ+ ﬀ+2!
δF
   
= −e
2
6
{
6(spi + νpi)C(k, L;mγ ,MK ,MK)− 3(spi + 3νpi)C1(k, L;mγ ,MK ,MK)
−6νpiC2(k, L;mγ,MK ,MK) + 3νpiC11(k, L;mγ ,MK ,MK)
+3νpiC12(k, L;mγ ,MK ,MK)− 2B(L;mγ ,MK)− 2B(k;mγ ,MK) +B1(k;mγ ,MK)
}
δG
   
= e2C00(k, L;mγ ,MK ,MK)
a
{T1As,1Av4ﬀ+J!\- ﬀKv!$#$oﬁﬀ *%ﬃ(Ho+,1 )M-/ay'#avv4ﬀ , s.) !
−iM
  
fi = (−i)(i2e2)
GFV
∗
us
3Fo
∫
dDq
(2pi)D
u(pν)(1 + γ
5)γµ v(p`)
(2k − 2p− − q)µ
(q2 −m2γ)[(k − p+ − p− − q)2 −M2K ]
= (i2e2)
GFV
∗
us
3Fo
u(pν)(1 + γ
5) v(p`)
[
2( 6k− 6p−)B(L;mγ ,MK)− 6LB1(L;mγ ,MK)
]

i	k
g 
k'0ﬀFo'&
B1(L;mγ ,MK) =
1
2
(A(M2K)
M2K
+
1
16pi2
)
− 1
16pi2
M2K
2s`
+
1
32pi2
(
1− M
2
K
s`
)2
ln
( M2K
M2K − s`
)
Hﬀﬁ}oﬁ(*#$#%ﬀFo+!$,(* )Uxrt(Po+!%ﬀ+) #%l- ﬀItK(*#wv4ﬀO%(*2!
δF
  
= δG
  
= −4e
2
3
B(L;mγ ,MK)
{T1As,1Av4ﬀ+J!\- ﬀKv!$#$oﬁﬀ *%ﬃ(Ho+,1 )M-/ay'#avv4ﬀ , v=.<ﬀﬁ$!
−iM
  
fi = (−i)(−ie2)
2GFV
∗
us
3Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ[6p`− 6q −m`]γν v(p`)
(k − p+ − p− − q)µ(2k − 2p− − q)ν
(q2 −m2γ)[(k − p+ − p− − q)2 −M2K ][(p` − q)2 −m2` ]
 3(*)C(P~ !%ﬀ+(*}qc(*) #}s,ﬀﬁ|oﬁ(*#$#%ﬀFo+!$,(* )Uxt(Po+!%ﬀ+) #%C- ﬀKtK(*#wv4ﬀ
F
ﬀ+!
G
δF
  
= δG
  
=
4e2
3
{
m2`C1(L, p`;mγ ,MK ,m`) +m
2
`C2(L, p`;mγ ,MK ,m`) +B(L;mγ ,MK)
}
.
Hﬀﬁ|say'#[y',ﬀ+ *%%(	o+,1ﬁ )Ux - ﬀ+)Ux -/ay'#avv4ﬀﬁ[- ﬀs
	 UE%(*J!C,- ﬀ+2!$J)ﬀﬁ[ﬀ+!as,ﬀ+J!
L
   
= ...+
1
6F 2o
(−pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi− −K+pi−∂µK−∂µpi+
+2K−pi−∂µK+∂µpi+ −K−K+∂µpi−∂µpi+) +
{Bomˆ
2F 2o
(1 +
1
6R
) +
Boms
6F 2o
(1− 1
2R
)
+
8
3
e2Zo
}
K−K+pi+pi− + 2ie (ν`Lγµ `) FoGFV
∗
usA
µK+ + ieAµ(pi
−∂µpi+ − pi+∂µpi−)
(n) (o)
`+
pi−
`+
pi−
ν` ν`
pi+pi+
K+ K
+
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B 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 -a JLH
cba]M-dTJLK_ﬁKU	e	a`\ga]Z8OQKNJLVXK<M	Z _ﬁK1P(U	VLa`Z-Pd^ebHOml;i[PRHM dTa]M	O^HZC\
JXK[Uﬁ\ga]Z	VCM	K
k
D
 {T1As,1Av4ﬀ+J!3- ﬀv!$#$oﬁﬀ *%%(	o+,1 )M-/ay'#avv4ﬀ=, ﬂ.Aﬀﬁ%!
−iM
  
fi = (−i)(−ie2)
GFV
∗
us
6Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ v(p`) (2p+ + q)µ
3(M2pi − spi + s` − tpi)−
[
(p+ + q)
2 −M2pi
]− [(k − p+ − p− − q)2 −M2K]
(q2 −m2γ)[(p+ + q)2 −M2pi][(k − p+ − p− − q)2 −M2K ]
+t`(*#wv4ﬀe-/)MJ)[v41+#!%ﬀ+) #3%vq[s"Nqﬀs,ﬀoaso+)[sQﬀ+!C(*)C!$#%(*)[0(*
−iMfi = (−ie2)GFV
∗
us
6Fo
u(pν)(1 + γ
5)γµ v(p`)
×
{
6p+µ (M
2
pi − spi + s` − tpi) C(−p+, L;mγ ,Mpi,MK)
+3(M2pi − spi + s` − tpi) Cµ(−p+, L;mγ ,Mpi,MK)− 2p+µ
[
B(L;mγ ,MK)
+ B(−p+;mγ ,Mpi)
]−Bµ(L;mγ ,MK)−Bµ(−p+;mγ ,Mpi)}
Qﬀﬁ|oﬁ(*J!$#$~ ) !$,(* )Uxpt-Po+!%ﬀ+) #%3- ﬀIt`(*#wv4ﬀO;{T1Fo+#$0ﬀ+J!
δF
  
= δG
  
=
e2
6
{
6(M2pi − spi + s` − tpi) C(−p+, L;mγ ,Mpi,MK)
−3(M2pi − spi + s` − tpi) C1(−p+, L;mγ ,Mpi,MK)− 2B(L;mγ,MK)
−2B(−p+;mγ ,Mpi) +B1(−p+;mγ ,Mpi)
}
 {T1As,1Av4ﬀ+J!3- ﬀv!$#$oﬁﬀ *%%(	o+,1 )M-/ay'#avv4ﬀ=,`( .Aﬀﬁ%!
−iM
 
fi = (−i)(ie2)
GFV
∗
us
6Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γµ v(p`) (2p− + q)µ
×
3
2 (s` − spi −M2K − νpi)−
[
(k − p+ − p− − q)2 −M2K
]
+ 2
[
(p− + q)
2 −M2pi
]− 6q · k
(q2 −m2γ)[(p− + q)2 −M2pi ][(k − p+ − p− − q)2 −M2K ]
Qﬀﬁ|oﬁ(*J!$#$~ ) !$,(* )Uxpt-Po+!%ﬀ+) #%3- ﬀIt`(*#wv4ﬀO;{T1Fo+#$0ﬀ+J! "$ 
δF
 
=
e2
6
{
3(νpi + spi +M
2
K − s`) C(−p−, L, 0;Mpi,MK)
−9(M2K +M2pi − upi)C1(−p−, L, 0;Mpi,MK) + 6(M2K − spi + s`)C2(−p−, L, 0;Mpi,MK)
+3(M2K +M
2
pi − upi)C11(−p−, L, 0;Mpi,MK)− 3(M2K − spi + s`)C12(−p−, L, 0;Mpi,MK)
+12C00(−p−, L, 0;Mpi,MK)− 4B(L;mγ ,MK) + 2B(−p−;mγ ,Mpi)−B1(−p−;mγ ,Mpi)
}
δG
 
= −e
2
6
{
3(νpi + spi +M
2
K − s`) C(−p−, L, 0;Mpi,MK)
−9(M2K +M2pi± − upi)C1(−p−, L, 0;Mpi,MK) + 6(M2K − spi + s`)C2(−p−, L, 0;Mpi,MK)
+3(M2K +M
2
pi± − upi)C11(−p−, L, 0;Mpi,MK)− 3(M2K − spi + s`)C12(−p−, L, 0;Mpi,MK)
−4B(L;mγ ,MK) + 2B(−p−;mγ ,Mpi)−B1(−p−;mγ ,Mpi)
}
D
Hﬀﬁ|say'#[y',ﬀ+ *%%(	o+,1ﬁ )Ux -/ay'#avv4ﬀﬁ[- ﬀKs 
	  uUA+R%(*2!C#%ﬀﬁwqSﬀFo+!$0ﬀAv4ﬀ+J!
L
  
= ...+
1
6F 2o
(−pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi− −K+pi−∂µK−∂µpi+
+2K−pi−∂µK+∂µpi+ −K−K+∂µpi−∂µpi+) +
{Bomˆ
2F 2o
(1 +
1
6R
) +
Boms
6F 2o
(1− 1
2R
)
+
8
3
e2Zo
}
K−K+pi+pi− + ieAµ(K−∂µK+ −K+∂µK−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ
= · · ·+ L 
   
	    
+ ieAµ(K
−∂µK+ −K+∂µK−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ
L
 
= · · ·+ L 
   
	    
+ ieAµ(pi
−∂µpi+ − pi+∂µpi−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ
L
  
= · · ·+ L 
   
	    
+ ieAµ(pi
−∂µpi+ − pi+∂µpi−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ .
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fi = (−i)(−ie2)
GFV
∗
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12Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5) v(p`){
3(spi + νpi)−
[
(k − q)2 −M2K
]− [(k − p+ − p− − q)2 −M2K]+ 6q ·Q}
×
( 6L− 6q)( 6p`− 6q −m`)(2 6k− 6q)
(q2 −m2γ)[(k − q)2 −M2K ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K ]
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(− 2m2` − [(p` − q)2 −m2` ]) 6q − 2m` 6P 6q + 2[(p` − q)2 −m2` ] 6P + (4p` · k + [(p` − q)2 −m2` ]
+2[(k − q)2 −M2K ]
) 6L.
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δF
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
=
e2
6
{
6(spi + νpi)C(k, L;mγ ,MK ,MK)− 3(spi + 3νpi)C1(k, L;mγ ,MK ,MK)
−6νpiC2(k, L;mγ ,MK ,MK) + 6m2`(spi + νpi)D2(k, p`, L;mγ ,MK ,m`,MK)
+6m2`(spi + νpi)D3(k, p`, L;mγ,MK ,m`,MK)− 2m2`C1(p`, L;mγ ,m`,MK)
−2m2`C2(p`, L;mγ ,m`,MK)− 2m2`C2(k, p`;mγ ,MK ,m`) + 3νpiC11(k, L;mγ,MK ,MK)
+3νpiC12(k, L;mγ ,MK ,MK) + 6m
2
`(t2` − t1`)D22(k, p`, L;mγ ,MK ,m`,MK)
−6m2`νpiD33(k, p`, L;mγ,MK ,m`,MK)− 6m2`νpiD12(k, p`, L;mγ ,MK ,m`,MK)
−6m2`νpiD13(k, p`, L;mγ,MK ,m`,MK) + 6m2`(t2` − t1` − νpi)D23(k, p`, L;mγ ,MK ,m`,MK)
−2B(L;mγ ,MK)− 2B(k;mγ ,MK) +B1(k;mγ ,MK)
}
δG
  
= −e2
{
2m2`D00(k, p`, L;mγ,MK ,m`,MK) + C00(k, L;mγ,MK ,MK)
}
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fi = (−i)(ie2)
GFV
∗
us
6Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5) v(p`){
3(upi −M2pi −M2K)−
[
(p+ + q)
2 −M2pi
]− [(k − p+ − p− − q)2 −M2K]}
×
( 6L− 6q)( 6p`− 6q −m`)( 6P+ 6Q+ q)
(q2 −m2γ)[(p+ + q)2 −M2pi ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K ]
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−m`(6P+ 6Q) 6q + [(p` − q)2 −m2` ](6q+ 6P+ 6Q) +
(
2q2 + 4p` · p+ − [(p` − q)2 −m2` ]− 2[(p+ + q)2 −M2pi ]
) 6L.
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δF
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= −e
2
6
{
3
(
upi −M2pi± −M2K±
)[
2 C(−p+, L;mγ ,Mpi,MK)
−C1(−p+, L;mγ,Mpi,MK)
]
−2m2`
[
C1(p`, L;mγ ,m`,MK) + C2(p`, L;mγ ,m`,MK)
+ C2(−p+, p`;mγ ,Mpi,m`)
]
+6m2`
(
upi −M2pi± −M2K±
)[
D2(−p+, p`, L;mγ ,Mpi,m`,MK)
+ D3(−p+, p`, L;mγ ,Mpi,m`,MK)
]
+B1(−p+;mγ ,Mpi)− 2B(−p+;mγ ,Mpi)− 2B(L;mγ ,MK)
}
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fi = (−i)(−e2)GFV ∗usFo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5)γρ
[ 6p`− 6q −m`]γµ v(p`)
pi−(p− + q)
K+(k − p+ − p− − q)
pi+(p+)
K+(k)
}
×
{
×
(
k − p+ − p− − q
)
ρ
(
2p− + q
)
µ
(q2 −m2γ)[(p− + q)2 −M2pi± ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K± ]
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{
3upi − 3M2pi± − 3s` + 2[(L− q)2 −M2K± ]− [(p− + q)2 −M2pi± ]− 6p+ · q
}
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fi = (−i)(−ie2)
GFV
∗
us
6Fo
∫
dDq
(2pi)
D
u(pν)(1 + γ
5) v(p`){
3(upi −M2pi − s`) + 2[(L− q)2 −M2K± ]− [(p− + q)2 −M2pi± ]− 6p+ · q
}
× [(p` − q)
2 −m2` ]
( 6P− 6Q+ 6q)−m`( 6P− 6Q) 6q
(q2 −m2γ)[(p− + q)2 −M2pi± ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K± ]
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δF
  
=
e2
6
{
6(upi − s` −M2pi)C(−p−, L;mγ,Mpi,MK)
−3(upi − s` + 3M2pi − 2spi)C1(−p−, L;mγ ,Mpi,MK)− 6(M2pi +M2K − spi − tpi)C2(−p−, L;mγ ,Mpi,MK)
+4m2`C2(−p−, p`;mγ ,Mpi,m`)− 2m2`
[
C1(p`, L;mγ ,m`,MK) + C2(p`, L;mγ ,m`,MK)
]
−3(spi − 2M2pi)C11(−p−, L;mγ ,Mpi,MK) + 3(M2pi +M2K − spi − tpi)C12(−p−, L;mγ ,Mpi,MK)
−6C00(−p−, L;mγ,Mpi,MK)
+6(upi − s` −M2pi)m2`
[
D2(−p−, p`, L;mγ ,Mpi,m`,MK) +D3(−p−, p`, L;mγ ,Mpi,m`,MK)
]
+6m2`(spi − 2M2pi)
[
D12(−p−, p`, L;mγ ,Mpi,m`,MK) +D13(−p−, p`, L;mγ,Mpi,m`,MK)
]
−6m2`(s1` −M2pi −m2` )D22(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2K − spi − tpi + s1` −m2`)D23(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2pi +M2K − spi − tpi)D33(−p−, p`, L;mγ ,Mpi,m`,MK)
−2B1(−p−;mγ ,Mpi) + 4B(−p−;mγ ,Mpi)− 2B(L;mγ ,MK)
ﬁ
δG
 
= −e
2
6
{
6(upi − s` −M2pi)C(−p−, L;mγ ,Mpi,MK)
−3(upi − s` + 3M2pi − 2spi)C1(−p−, L;mγ ,Mpi,MK)− 6(M2pi +M2K − spi − tpi)C2(−p−, L;mγ,Mpi,MK)
+4m2`C2(−p−, p`;mγ ,Mpi,m`)− 2m2`
[
C1(p`, L;mγ ,m`,MK) + C2(p`, L;mγ ,m`,MK)
]
−3(spi − 2M2pi)C11(−p−, L;mγ ,Mpi,MK) + 3(M2pi +M2K − spi − tpi)C12(−p−, L;mγ ,Mpi,MK)
+6C00(−p−, L;mγ ,Mpi,MK)
+6(upi − s` −M2pi)m2`
[
D2(−p−, p`, L;mγ ,Mpi,m`,MK) +D3(−p−, p`, L;mγ ,Mpi,m`,MK)
]
+6m2`(spi − 2M2pi)
[
D12(−p−, p`, L;mγ ,Mpi,m`,MK) +D13(−p−, p`, L;mγ,Mpi,m`,MK)
]
−6m2`(s1` −M2pi −m2`)D22(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2K − spi − tpi + s1` −m2`)D23(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2pi +M2K − spi − tpi)D33(−p−, p`, L;mγ ,Mpi,m`,MK)
−2B1(−p−;mγ ,Mpi) + 4B(−p−;mγ ,Mpi)− 2B(L;mγ ,MK)
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A(M2)
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A(M2) = −2M2λ− µM
µM =
M2
16pi2
ln
M2
µ2
λ =
1
16pi2
{ 1
D − 4 −
1
2
[
ln(4pi) + 1− γE
]}
.
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2F 2o
(1− 1
6R
)KoK
o
pi+pi−
+
Bomˆ
2F 2o
(1 +
1
6R
)K−K+pi−pi+ +
Boms
6F 2o
(1− 1
2R
)K−K+pi−pi+
− 1
3
√
3F 2oR
(Bomˆ−Boms)ηpiopi−pi+ − Boms
6F 2o
(1 +
1
2R
)KoK
o
pi−pi+
+
e2Zo
3
{
−KoKopi−pi+ + 8K−K+pi−pi+ − 2piopiopi−pi+ + 4pi−pi−pi+pi+ +
√
3
R
ηpiopi−pi+
}
.
¸UsGlq""!$)- ﬀO!%(*!Y¸Uq,ﬀOOT17w+#$"!H¸Uq,(*#%Z&
−iMfi = (−i)GFV
∗
us
6F 3o
u(pν)γ
µ(1− γ5) v(p`)
×
{
M2pi
(
1− 1
2R
)(
2L+ 3P
)
µ
1
2
∫
dDqη
(2pi)D
−i
(q2η −M2η )[(qη − p+ − p−)2 −M2η ]
−(1
3
+
1
2R
)(
2L+ 3P
)
µ
1
2
∫
dDqpio
(2pi)
D
(−i)[2q2pio − 2qpio · (p+ + p−) + 2M2pi± − 2spi −M2pi − 2∆pi]
(q2pio −M2pio)[(qpio − p+ − p−)2 −M2pio ]
−1
3
∫
dDqKo
(2pi)
D
(−i)[q2Ko + 2qKo · (p− − 2p+)− spi −M2K± + ∆pi − 1R (M2K −M2pi)]
(q2Ko −M2Ko)[(qKo − p+ − p−)2 −M2Ko ]
(L+ 3qKo)µ
− 1
2R
(2L+ 3P )µ
∫
dDqpio
(2pi)
D
(−i)[− q2pio + qpio · (p+ + p−) + spi − 13 (5M2pi − 2M2K)]
(q2pio −M2pio)[(qpio − p+ − p−)2 −M2η ]
+
2
3
∫
dDqpi+
(2pi)
D
(−i)[− q2pi+ + 2qpi+ · (2p− − p+) + spi +M2pi± + 6∆pi]
(q2pi+ −M2pi±)[(qpi+ − p+ − p−)2 −M2pi± ]
(L+ 3qpi+)µ
+
2
3
∫
dDqK+
(2pi)
D
(−i)[− q2K+ + 2qK+ · (2p− − p+) + spi +M2K± + 6∆pi]
(q2K+ −M2K±)[(qK+ − p+ − p−)
2 −M2K± ]
(L+ 3qK+)µ
}
½
= (−i)GFV
∗
us
6F 3o
u(pν)γ
µ(1− γ5) v(p`)
{
M2pi
2
(
1− 1
2R
)(
2L+ 3P
)
µ
B(p+ + p−;Mη,Mη)
−1
2
(1
3
+
1
2R
)(
2L+ 3P
)
µ
[
2A(M2pio) + (−3spi + 3M2pio)B(p+ + p−;Mpio ,Mpio)
]
−1
3
Lµ
[
A(M2Ko) +
(
− spi −M2K± + ∆pi +M2Ko −
1
R
(M2K −M2pi)
)
B(p+ + p−;MKo ,MKo)
−spiB1(p+ + p−;MKo ,MKo)
]
− PµA(M2Ko) +
[
spi +M
2
K± −∆pi −M2Ko
+
1
R
(M2K −M2pi)
]
PµB1(p+ + p−;MKo ,MKo)− 2(p− − 2p+)νBνµ(p+ + p−;MKo ,MKo)
− 1
2R
(2L+ 3P )µ
[
− 1
2
A(M2η )−
1
2
A(M2pio) +
(3
2
spi − 1
2
M2η −
5
3
M2pi +
2
3
M2K −
1
2
M2pio
)
B(p+ + p−;Mpio ,Mη)
]
+
2
3
Lµ
[
−A(M2pi±) + (spi + 6∆pi)B(p+ + p−;Mpi± ,Mpi±) + spiB1(p+ + p−;Mpi± ,Mpi±)
]
+2
[
−A(M2pi±)Pµ + (spi + 6∆pi)PµB1(p+ + p−;Mpi± ,Mpi±) + 2(2p− − p+)νBνµ(p+ + p−;Mpi± ,Mpi±)
]
+
2
3
Lµ
[
−A(M2K±) + (spi + 6∆pi)B(p+ + p−;MK± ,MK±) + spiB1(p+ + p−;MK± ,MK±)
]
+2
[
−A(M2K±)Pµ + (spi + 6∆pi)PµB1(p+ + p−;MK± ,MK±)
+2(2p− − p+)νBνµ(p+ + p−;MK± ,MK±)
]}
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G
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δF (a) =
1
6F 2o
{
− 2(1 + 3
4R
)A(M2pio) +
6
4R
A(M2η )− 4A(M2pi±)− 4A(M2K±)− 2A(M2Ko)
+3
(
spi −M2pio +
3
2R
(spi −M2pi)
)
B(p+ + p−;Mpio ,Mpio) + 3M2pio(1−
1
2R
)B(p+ + p−;Mη,Mη)
− 3
R
(
3
2
spi − 2M2pi)B(p+ + p−;Mpi,Mη) + 8(
1
2
spi + 3M
2
pi± − 3M2pio)B1(p+ + p−;Mpi± ,Mpi±)
+2spiB1(p+ + p−;MKo ,MKo) + 8(
1
2
spi + 3M
2
pi± − 3M2pio)B1(p+ + p−;MK± ,MK±)
+2spiB11(p+ + p−;MKo ,MKo) + 2B00(p+ + p−;MKo ,MKo) + 4spiB11(p+ + p−;Mpi± ,Mpi±)
+4B00(p+ + p−;Mpi± ,Mpi±) + 4spiB11(p+ + p−;MK± ,MK±) + 4B00(p+ + p−;MK± ,MK±)
}
δG(a) =
1
F 2o
{
B00(p+ + p−;MKo ,MKo)− 2B00(p+ + p−;Mpi± ,Mpi±)− 2B00(p+ + p−;MK± ,MK±)
}
½½
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L1 = ...+ GFV
∗
us
Fo
(ν`Lγµ `)
{√2
3
(−Kopi+∂µη + 2ηpi+∂µKo − ηKo∂µpi+)+√3
2
1
2R
(−Kopi+∂µη
+ ηKo∂µpi+
)
+
1√
2R
piopi+∂µKo +
2
3
(
pi−pi+∂µK+ − 2K+pi+∂µpi− +K+pi−∂µpi+)
+
(√
2− 1
2
√
2R
)
Kopi+∂µpio − (√2 + 1
2
√
2R
)
Kopio∂µpi+
}
L2 = ...+ 1
2F 2o
{ 1√
6
(
K+pi−∂µη∂µK
o
+K
o
pi−∂µη∂µK+ − 2ηpi−∂µKo∂µK+ + ηKo∂µK+∂µpi−
+ ηK+∂µK
o
∂µpi
− − 2KoK+∂µη∂µpi−
)
+
1
4R
√
2
(−√3K+pi−∂µη∂µKo +√3Kopi−∂µη∂µK+
−
√
3ηK
o
∂µK+∂µpi
− +
√
3ηK+∂µK
o
∂µpi
− − 2piopi−∂µKo∂µK+ +K+pi−∂µKo∂µpio
+ K
o
pi−∂µK+∂µpio +K+pio∂µK
o
∂µpi
− +K
o
pio∂µK+∂µpi
− − 2KoK+∂µpio∂µpi−
)
+
1√
2
(
K+pi−∂µK
o
∂µpi
o −Kopi−∂µK+∂µpio −K+pio∂µKo∂µpi− +Kopio∂µK+∂µpi−
)
− 1
3
(
pi−pi+∂µK−∂µK+ +K−pi+∂µK+∂µpi− +K+pi−∂µK−∂µpi+ − 2K−pi−∂µK+∂µpi+
+ K−K+∂µpi−∂µpi+ − 2K+pi+∂µK−∂µpi−
) }
+
Bomˆ
2F 2o
{ 2
3
√
6
ηK
o
K+pi− +
1
2
√
2R
K
o
K+piopi− + (1 +
1
6R
)K−K+pi−pi+
}
− Boms
2F 2o
{ 2
3
√
6
ηK
o
K+pi− +
1
2
√
2R
K
o
K+piopi− − 1
3
(1− 1
2R
)K−K+pi−pi+
}
− 1√
2
e2Zo
{( 1√
3
−
√
3
4R
)
ηK
o
K+pi− +
(
1 +
1
4R
)
K
o
K+piopi− − 8
√
2
3
K−K+pi−pi+
}
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−iMfi = (i)GFV
∗
us
2F 3o
u(pν)γ
µ(1− γ5) v(p`)
×
{∫
dDqpio
(2pi)
D
1
2
[
− qpio − p− + 1
4R
(
3qpio + 2p+ − 2k − p−
)]
µ
[
q2pio − 2qpio · k +M2K± − tpi
−∆pi + 1
4R
[
q2pio + 2qpio · (k + 2p+) + 4M2pi − 3M2K − tpi
]] (−i)
(q2pio −M2pio)[(qpio + p+ − k)2 −M2Ko ]
+
∫
dDqpi−
(2pi)D
1
9
(−i)
[
− q2pi− + 2qpi− · (p+ + 2k)−M2K± + 2M2pi± + tpi + 6∆pi
][
− L+ 3qpi−
]
µ
(q2pi− −M2pi±)[(qpi− + p+ − k)
2 −M2K± ]
+
∫
dDqη
(2pi)
D
1
6
[
q2η + 2qη · (k + 2p+) + 2M2pi± −M2K± − tpi −∆pi +
2
3
(M2pi −M2K)
+
3
4R
[− q2η + 2qη · k −M2K + tpi]]× [2p+ − 2k − (1− 34R )p− + 3(1 + 14R )qη]µ
× −i
(q2η −M2η )[(qη + p+ − k)2 −M2Ko ]
}
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G
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½
δF

= − 1
12F 2o
{
− 6
[1
2
M2K± −
1
2
M2pi± −
1
2
tpi +M
2
pio +
1
2R
(2M2pi − tpi)
]
B(k − p+;Mpio ,MKo)
−3
[
M2K± −M2pi± + 3M2pio −M2η − tpi +
1
4R
(−4M2K − 5M2pi + 4tpi +M2η )
]
B(k − p+;Mη,MKo)
−6
[
M2pio − tpi +
1
2R
(−3
2
M2K +
1
2
M2pi −
1
2
tpi)
]
B1(k − p+;Mpio ,MKo)
+3
[
− 2M2K± −M2η + 2M2pi± + 3M2pio +
1
R
(
1
2
M2K −
1
2
M2pi −M2η −
1
2
tpi)
]
B1(k − p+;Mη,MKo)
+4(
7
2
M2pi± −
1
2
M2K± − 3M2pio +
1
2
tpi)B1(k − p+;Mpi± ,MK±)
+6(2− 5
2R
)B00(k − p+;Mpio ,MKo) + 12(2 + 5
4R
)B00(k − p+;Mη,MKo) + 20B00(k − p+;Mpi± ,MK±)
+3
[
M2K± −M2pi± + tpi +
1
2R
(−3M2K + 3M2pi − tpi)
]
B11(k − p+;Mpio ,MKo)
+3
[
3M2K± − 3M2pi± − tpi +
1
2R
(3M2K − 3M2pi + tpi)
]
B11(k − p+;Mη,MKo)
+2(tpi − 3M2pi± + 3M2K±)B11(k − p+;Mpi± ,MK±)− 6A(M2Ko)− 2A(M2K±)
}
δG

=
1
12F 2o
{
− 6
[1
2
M2K± −
1
2
M2pi± −
1
2
tpi +M
2
pio +
1
2R
(2M2pi − tpi)
]
B(k − p+;Mpio ,MKo)
−3
[
M2K± −M2pi± + 3M2pio −M2η − tpi +
1
4R
(−4M2K − 5M2pi + 4tpi +M2η )
]
B(k − p+;Mη,MKo)
−6
[
M2pio − tpi +
1
2R
(−3
2
M2K +
1
2
M2pi −
1
2
tpi)
]
B1(k − p+;Mpio ,MKo)
+3
[
− 2M2K± −M2η + 2M2pi± + 3M2pio +
1
R
(
1
2
M2K −
1
2
M2pi −M2η −
1
2
tpi)
]
B1(k − p+;Mη,MKo)
+4(
7
2
M2pi± −
1
2
M2K± − 3M2pio +
1
2
tpi)B1(k − p+;Mpi± ,MK±)
+
12
4R
B00(k − p+;Mpio ,MKo)− 12(1 + 1
4R
)B00(k − p+;Mη,MKo)− 4B00(k − p+;Mpi± ,MK±)
+3
[
M2K± −M2pi± + tpi +
1
2R
(−3M2K + 3M2pi − tpi)
]
B11(k − p+;Mpio ,MKo)
+3
[
3M2K± − 3M2pi± − tpi +
1
2R
(3M2K − 3M2pi + tpi)
]
B11(k − p+;Mη,MKo)
+2(tpi − 3M2pi± + 3M2K±)B11(k − p+;Mpi± ,MK±)− 6A(M2Ko)− 2A(M2K±)
}
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L = ...+ 2GFV
∗
us
3Fo
(ν`Lγµ `)
{
pi−pi+∂µK+ − 2K+pi+∂µpi− +K+pi−∂µpi+
}
+
1
6F 2o
{
− pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi−
− K+pi−∂µK−∂µpi+ + 2K−pi−∂µK+∂µpi+ −K−K+∂µpi−∂µpi+
}
+
1
F 2o
{Bomˆ
2
(
1 +
1
6R
)
+
Boms
6
(
1− 1
2R
)
+
8
3
e2F 2oZo
}
K−K+pi−pi+
½  
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−iMfi = (−i)2GFV
∗
us
9F 3o
u(pν)γ
µ(1− γ5) v(p`)
×
∫
dDqK+
(2pi)D
[
q2K+ − qK+ · (k − p−) +M2K± +M2pi± − upi + 3∆pi
](
2p+ − p− + k
)
µ
(q2K+ −M2K±)[(qK+ + p− − k)
2 −M2pi± ]
= (−i)GFV
∗
us
9F 3o
u(pν)γ
µ(1− γ5) v(p`)
(3
2
P +
3
2
Q+ L
)
µ{[
2M2K± +M
2
pi± − upi + 3∆pi
]
B(k − p−;MK± ,Mpi±)− upiB1(upi;M2K± ,M2pi±) +A(M2pi±)
}
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G
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δF = δG =
1
6F 2o
{
A(M2pi±) +A(M
2
K±) + 3(3M
2
pi± − 2M2pio +M2K± − upi)B(k − p−;Mpi± ,MK±)
}
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e2F 2o
9
(12K1 + 84K2 + 19K5
+37K6 + 9K12)− e2F 2o
10
3
X1
}
δG =
2
F 2o
{
4(tpi − upi)L2 − 2(M2K± +M2pi± − tpi)L3 + 4(M2pi + 2M2K)L4
+2(M2K± + 2M
2
pi −∆pi)L5 + s`L9 +
e2F 2o
9
(12K1 + 12K2 + 36K3 + 18K4 + 7K5
+25K6 + 9K12) + e
2F 2o
2
3
X1
}
δR =
4
F 2o
{
16(spi − 2M2pi±)L1 + 4(spi − 2M2pi±)L3 +
8
3
(7M2pi + 2M
2
K)L4
+
2
3
(4M2K± + 6M
2
pi − 4∆pi)L5 − (M2K± +M2pi± − tpi − spi)L9 +
2e2F 2o
27
(12K1
+120K2 + 19K5 + 73K6 + 9K12)− 4
9
e2F 2o (5X1 + 6X2 − 6X3)
}
.
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3I\tOTSVUyqWUXPZYJq0¸m[=Y1\QN+[~s ¸UqWUXP_¸(SVUXN+\^cTY7Pw7N+\QPVSY¸(\fS=Y7PzcTYIw7N+Olq0¸UrkY cTYJvA¸+PZP=YIo1\QY1[~r]UXY * X C,nY1SR\QN+OQPNdvTS=Y1\QN+\QP
δF =
2
F 2o
{
16(spi − 2M2pi±)Lr1 + 4(spi − s` +M2K±)Lr2 + 2(2spi − tpi − 3M2pi± +M2K±)Lr3
+4(2M2K + 5M
2
pi)L
r
4 + 2(M
2
K± + 2M
2
pi −∆pi)Lr5 + s`Lr9 +
e2F 2o
9
(12Kr1 + 84K
r
2 + 19K
r
5
+37Kr6 + 9K
r
12)− e2F 2o
10
3
Xr1
}
+
1
2F 2o
{
6spi − 3(upi + tpi) + s` + 10M2pi± + 13M2K± + 8∆pi +
2
R
(M2K −M2pi)− 14e2F 2o
}
λ
δG =
2
F 2o
{
4(tpi − upi)Lr2 − 2(M2K± +M2pi± − tpi)Lr3 + 4(M2pi + 2M2K)Lr4 + 2(M2K± + 2M2pi −∆pi)Lr5
+s`L
r
9 +
e2F 2o
9
(12Kr1 + 12K
r
2 + 36K
r
3 + 18K
r
4 + 7K
r
5 + 25K
r
6 + 9K
r
12) + e
2F 2o
2
3
Xr1
}
+
1
2F 2o
{
3(tpi − upi) + s` + 4M2pi± + 7M2K± + 4∆pi +
2
R
(M2K −M2pi)− 14e2F 2o
}
λ
δR =
4
F 2o
{
16(spi − 2M2pi±)Lr1 + 4(spi − 2M2pi±)Lr3 +
8
3
(7M2pi + 2M
2
K)L
r
4 +
2
3
(4M2K± + 6M
2
pi − 4∆pi)Lr5
−(M2K± +M2pi± − tpi − spi)Lr9 +
2e2F 2o
27
(12Kr1 + 120K
r
2 + 19K
r
5 + 73K
r
6 + 9K
r
12)
−4
9
e2F 2o (5X
r
1 + 6X
r
2 − 6Xr3)
}
+
1
3F 2o
{
21spi + 3tpi + 7M
2
pi± + 17M
2
K± + 36∆pi
+
4
R
(M2K −M2pi)− 100e2F 2o
}
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PY¸(SVUXN+\ cTY7Pºw=lA¸UsGlQPºsvo7P=N+\TU[fOQY Y1SGqXYhlTS=N+\TU[4OQY
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wbY7PVSt cdUW[=Y»4O Uyq {*¸(OTS¹w7N+\T\A¸ XSV[=Y9qXY7PGw7N+\QPVSY¸(\fS=Y7P~cTY
[=Y1\QN+[~s ¸UqWUXPY¸(SVUXN+\^cTY7P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Y1S
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{hN+\xw1SVUXN+\
g(p2) =
i
p2 −M2[0]
.
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p2 = M2
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 
   
   
   
  
  
  
propagateur libre
{ · · ·  
 
 
1
i Σ
1
i Σ≡


 · · ·
≡ 
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Y`lT[=NdlA¸Ur5¸(S=Y1OT[Hw7NdsGlqXY1SzPObo7w1[VUWSH¸UqXN+[=P
G(p2) = g(p2) + g(p2)
Σ(p2)
i
g(p2) + g(p2)
Σ(p2)
i
g(p2)
Σ(p2)
i
g(p2) + · · ·
= g(p2)
[
1 +
Σ(p2)
i
(
g(p2) + g(p2)
Σ(p2)
i
g(p2) + g(p2)
Σ(p2)
i
g(p2)
Σ(p2)
i
g(p2) + · · ·)]
= g(p2) + g(p2)
Σ(p2)
i
G(p2) .
3I\AY1\icTo7cdOTUWSH¸UqXN+[=P
G−1(p2) = g−1(p2)− Σ(p
2)
i
.
< ﬃC@ ﬃ ?
IUW\QPVU
{
c(¸UlT[on7P+* X ½
,
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\QN+OQPSV[=N+OpkN+\QP
G(2)(p) =
i
p2 −M2[0] − Σ(p2)
C¸s ¸+P=P=Y Y7PVSGcTo.-Q\TUXY
{
Y1\^SVlQo7N+[VUXY|fOA¸(\4SVU[fOQYmcTY7Pﬂw=lA¸UsGlQP
{
w7NdsGsvY o1SY¸(\fSﬂq0¸GlLN]PVUWSVUXN+\AcdO»l dqXY cx¸(\QPﬂq0¸
{hN+\xw1SVUXN+\~cTYmw7N+[V[=ohq0¸(SVUXN+\ tecTY1OXzGlLN+UW\4S=Pe IUW\QPVU
{
q0¸IlJN]PVUWSVUXN+\pcdOºl dqXYY7PVSﬂcTN+\T\Qo7YﬂlA¸([q0¸Js ¸+P=P=Y lTlEﬀP=U[fOQY
M2 = M2
[0]
+ Σ(p2)|p2=M2 .
< ﬃC@ / ?
Yp[=o7PVUXcdO cdO l dqXYtcx¸(\QPq0¸»{hN+\xw1SVUXN+\ cTY¼w7N+[V[=ohq0¸(SVUXN+\ PO UXcTY1\fSVU5-xY9t;q0¸A\QN+[~s ¸UqWUXPY¸(SVUXN+\ cdOw=lA¸UsGl3I\
cTohpkYhqXNdllJY|q0¸{hN+\xw1SVUXN+\
Σ(p2)
¸(OTS=N+OT[IcdO9l dqXY
p2 = M2

Σ(p2) = Σ(M2) + (p2 −M2) d
dp2
Σ(p2)|p2=M2 +
1
2
(p2 −M2)2 d
2
d(p2)2
Σ(p2)|p2=M2 + · · · .
 
mqXN+[=P
{
qXY|lT[=NdlA¸Ur5¸(S=Y1OT[+* X C,RcTYhpﬀUXY1\fS
G(p2) =
i
p2 −M2[0] −
[
Σ(M2) + (p2 −M2) ddp2 Σ(p2)|p2=M2 + 12(p2 −M2)2 d
2
d(p2)2 Σ(p
2)|p2=M2 + · · ·
]
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< ﬃC@ / ?
=
i
p2 −M2 − (p2 −M2) ddp2 Σ(p2)|p2=M2 − 12(p2 −M2)2 d
2
d(p2)2 Σ(p
2)|p2=M2 − · · ·
]
=
i
(p2 −M2)
[
1− ddp2 Σ(p2)|p2=M2
]
− 12(p2 −M2)2 d
2
d(p2)2 Σ(p
2)|p2=M2 − · · ·
X¸dw=lA¸(\fSJ4OQY
∫
d4x eip·x < 0|T{Φ(x)Φ†(0)}|0 >=
√
Z
√
Z
i
p2 −M2 ,
\QN+OQP NdvTS=Y1\QN+\QPfOQYºq0¸»w7N+\QPVSY¸(\fS=YtcTYv[=Y1\QN+[~s ¸UqWUXP_¸(SVUXN+\ cdO w=lA¸UsGl Powe¸Uq0¸(UW[=YvY7PVSqXYg[=o7PVUXcdO cdO l dqXY~Y1\
M2
·}N+OQPGNdvTS=Y1\QN+\QP
Z−1 = 1− d
dp2
Σ(p2)|p2=M2 ,
< ﬃC@

?
Z = 1 +
d
dp2
Σ(p2)|p2=M2 .
 N+[=P cTY7P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w7N+\QP=Y1[~p¸(SVUXN+\ cTYq0¸ﬂw=lA¸([~rkYﬂohqXY7w1SV[VU[4OQYﬂY1S cTYq0¸w=lA¸([~rkYc(bo1SV[Y¸(\rkY1S=oﬂ\¸(OTS=N+[VUXP=Y}fO OT\w7Y1[VSY¸(UW\ \QNds=vT[=Y
cTYIlLN]P=P=UyvTUyqWUWS=o7P}lJN+OT[ qXYecdU0¸Ur][Y¸UsGsvYeSY¸+cXlLNdqXY#¸Q-xr]OT[=Y`w1US cTY7P=PZN+OQP svN+\fSV[=YJqXY7PcdU0¸Ur][Y¸UsGsvY7Pm¸(OTS=N+[VUXP=o7P
fOQYe\QN+OQPH¸7pkN+\QPHtvohpd¸UqWOQY1[e
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pi+pi
+
η  pio  Ko  pi+  K+
,½
Y`q0¸Ur][Y¸(\r]UXY1\ ¸+P=PZNEw1UXo`tGw7Y1SVS=Y S=NdlJNdqXNdr]UXY Y7PVS
L(p2) = ...+ 1
6F 2o
{
pi−pi+∂µKo∂µK
o − 2 Kopi+∂µKo∂µpi− +Kopi+∂µKo∂µpi− +Kopi−∂µKo∂µpi+
− 2Kopi−∂µKo∂µpi+ +KoKo∂µpi−∂µpi+ − pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi−
− K+pi−∂µK−∂µpi+ + 2K−pi−∂µK+∂µpi+ −K−K+∂µpi−∂µpi+ + 2pi−pi+∂µpio∂µpio − 2piopi−∂µpio∂µpi−
− 2piopi−∂µpio∂µpi+ + 2piopio∂µpi−∂µpi+ + pi+pi+∂µpi−∂µpi− − 2pi−pi+∂µpi−∂µpi+ + pi−pi−∂µpi+∂µpi+
− 2Bomˆηηpi−pi+ − [Bo(3mˆ+ms)− Bo
2R
(mˆ−ms) + 2e2F 2oZo] KoK
o
pi−pi+
+ [Bo(3mˆ+ms) +
Bo
2R
(mˆ−ms) + 16e2F 2oZo] K−K+pi−pi+
− [2Bomˆ + 4e2F 2oZo] piopiopi−pi+ + [2Bomˆ + 8e2F 2oZo] pi−pi+pi−pi+
}
Y7Pﬂw1UW\x pkY1[VS=Y>z w7N+\4SV[VUyvTOA¸(\fS|tq*bo1\QY1[~r]UXY`lT[=NdlT[=YmcdO»lTUXN+\ w=lA¸([~rkomPZN+\fSzcTY7P=P=UW\Qo7Pﬂw1US cTY7P=P=N+OQP
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Y1SqXY1OT[mpd¸UqXY1OT[zY7P=SGcTN+\T\Qo7Y [=Y7P~lJY7w1SVUypkYhsvY1\fSIlA¸([
V(a) = 2iBomˆ
3F 2o
,
V(b) = i
3F 2o
[2Bomˆ + 4e
2F 2oZo − 2(q2 + p2)],
V(c) = i
6F 2o
[Bo(3mˆ+ms)− Bo
2R
(mˆ−ms) + 2e2F 2oZo − p2 − q2 + 6p.q],
V(d) = i
6F 2o
[Bo(3mˆ+ms) +
Bo
2R
(mˆ−ms) + 16e2F 2oZo − p2 − q2 − 6p.q],
V(e) = i
3F 2o
[4Bomˆ+ 16e
2F 2oZo − p2 − q2 − 6p.q].
Y={*¸dw1S=Y1OT[eS=NdlLNdqXNdr]U[4OQY.UW\fS=Y1[~pﬀUXY1\fSmcx¸(\QPIqXY7PecdU0¸Ur][Y¸UsGsvY7P=¸epkY7w OT\QYvJN+OxwhqXY cTY=svo7PZN+\ \QY1OTSV[=Yﬃ*
η { pio
Y1S
Ko
,> IUW\QPVU
{
qXY cdU0¸Ur][Y¸UsGsvYtq*bN+[=cd[=Y
p2
w7N+\fSV[VUyvTOA¸(\4SJtq*bo1\QY1[~r]UXY=lT[=NdlT[=Y cdO9lTUXN+\;wZlA¸([~rko Y7PVS
  =
ip2
6F 2o
[
2A(M2pio) +A(M
2
Ko) +A(M
2
K±) + 2A(M
2
pi±)
]− iM2pio
6F 2o
[
A(M2η )
−A(M2pio) +A(M2Ko) +A(M2K±) + 2A(M2pi±)
]− ie2Zo
3
[
2A(M2pio)
+A(M2Ko) + 7A(M
2
K±) + 14A(M
2
pi±)
]
.
·}N+OQP¼¸epkN+\QP»tohpd¸UqWOQY1[ qXYAcdU0¸Ur][Y¸UsGsvYcTY9q*bo1\QY1[~r]UXY lT[=NdlT[=Y^cdO lTUXN+\ wZlA¸([~rkoicTN+\T\Qo lA¸([ qXYiPow=lQohs ¸
P=OTUypd¸(\4S

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
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 
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Y1SGcTN+\fSHqXYJq0¸Ur][Y¸(\r]UXY1\iP=Ye[=o7cdOTUWSHt
L(p2) = ...+ {− iepi+∂µpi− + iepi−∂µpi+}.
bohp¸UqWOA¸(SVUXN+\icTY`w7Y cdU0¸Ur][Y¸UsGsvY cTN+\T\QY`qXYe[=o7PVOqWSY¸(S
−ie2{2(p2 +M2pi±)B(p2;m2γ ,M2pi±)−A(p,M2pi±) + 2A(m2γ)} .
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4OTU[=YhlT[=o7P=Y1\fS=Y1\4S qXY7PGw7N+\4SV[=Y S=Y1[~svY7P ¸+P=P=N	w1UXo7Pº¸(OXz
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qXY7P.S=Y1[~svY7P c(bN+[=cd[=Y
p4
cdO
q0¸Ur][Y¸(\r]UXY1\^cTY`¸+PZP=Y1[GY1Sﬂ Y1OTSŁ	qXY1[IY1SqXY7PGS=Y1[~svY7Pzc(bN+[=cd[=Y
e2p2
cdO9q0¸Ur][Y¸(\r]UXY1\ic( I[=Y7w=l `¸(\QP\QN+SV[=Y
we¸+P
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w7Y7PS=Y1[~svY7PIP=N+\fS
L(p4) = ...−
{16Bo
F 2o
[
(2mˆ+ms)L4 + mˆL5
]
+
4e2
9
[
6(K1 +K2) + 5(K5 +K6)
]}
∂µpi+∂µpi−
+
{64B2omˆ
F 2o
[
(2mˆ+ms)L6 + mˆL8
]
+
8e2Bo
9
[
6mˆK7 + 3(3ms + 8mˆ)K8 + 5mˆK9
+
3
2R
(mˆ−ms)K9 + 23mˆK10 + 3
2R
(mˆ−ms)K10 + 18mˆK11
]
+
4
3
e4F 2o (2K15 +K16)
}
pi+pi−
zUW\QPVU
{
qXYmcdU0¸Ur][Y¸UsGsvYmcTN+\T\A¸(\fSHq0¸¹w7N+\fSV[VUyvTOTSVUXN+\cTY7Pﬂw7N+\fSV[=YmS=Y1[~svY7Pﬂp¸(OTS
8ip2
F 2o
[
(M2pi + 2M
2
K)L4 +M
2
piL5
]
+
4ie2p2
9
[
6(K1 +K2) + 5(K5 +K6)
]
−16iM
2
pi
F 2o
[
(M2pi + 2M
2
K)L6 +M
2
piL8
]− 4ie2M2pi
9
[
6K7 + 15K8 + 5K9 +
3
R
K9
+23K10 +
3
R
K10 + 18K11
]− 4ie2M2K
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γµγ
µ = D
γµγ
νγµ = (2−D)γν   6 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γµ 6p 6qγµ = 4p · q − (4−D)p 6q
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∫
dDq =
∫ ∞
0
dρρD−1
∫ pi
0
dθD−1(sin θD−1)D−2 . . .
∫ pi
0
dθ2 sin θ2
∫ 2pi
0
dθ1∫ pi
0
dθ(sin θ)m =
√
pi
Γ(m+12 )
Γ(m+22 )
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dDq
(2pi)D
q2r
(q2 +M2)s
=
1
(16pi2)D/4
(M2)r−s+
D
2
Γ(r + D2 )Γ(s− r − D2 )
Γ(D2 )Γ(s)
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Γ(z) =
∫ ∞
0
dt tz−1 exp−t
w;: 8z
Re(z) > 0
3Ł,~5(KwSz8,|D: .I |z8y|

6
zΓ(z) = Γ(z + 1) → 3iA(Z,|>I F-:|ﬂ} wQ|BwB( $}LK$~ 3Ł,~ Re(z) < 0.   6
Γ(n) = (n− 1)! 3Ł,~|K|ﬂ}Z
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  Calculus and Analysis     Special Functions     Gamma Functions   
  Calculus and Analysis     Special Functions     Named Integrals   
  Calculus and Analysis     Special Functions     Product Functions   
Gamma Function
 
The complete gamma function  is defined to be an extension of the factorial
complex and real number arguments. It is related to the factorial by 
analytic everywhere except at z = 0, -1, -2, ..., and the residue at  is 
There are no points z at which . The gamma function is implemented in
Mathematica as Gamma[z]. 
The gamma function can be defined as a definite integral for  (Euler’s integral
form) 
 
or 
 x|gwQ~}i *H,.-y~>(ZHKﬂ~\iwﬀ~}1(Z 8}
Γ(−n+ ) = (−1)
n
n!
{1

+ Ψ(n+ 1) +

2
[pi2
3
+ Ψ2(n+ 1)−Ψ′(n+ 1)]+O(2)}   6 u 

: 8z
Ψ(z) =
Γ′(z)
Γ(z)
Ψ(n+ 1) = 1 +
1
2
+ · · · + 1
n
− γE
Ψ′(n+ 1) =
pi2
6
− (1 + frac122 + · · ·+ 1
n2
)
Ψ(1) = −γE ≈ 0.5772 Hz8,|}wQ|ﬂ}i'2 ~>(Z 
   

b	Łbxd 	 p$Łjivwb pqjihgo uﬀk k oﬀdVbxo
1
Aα11 . . . A
αn
n
=
Γ(α1 + · · ·+ αn)
Γ(α1) . . .Γ(αn)
∫ 1
0
dx1 . . .
∫ 1
0
dxnδ(1 −
n∑
i=1
xi)
xα1−11 . . . x
αn−1
n
(x1A1 + . . . xnAn)α1+···+αn


6
1
ab
=
∫ 1
0
dx
1
[ax+ b(1− x)]2


6 r
1
abc
=
∫ 1
0
dx
∫ 1
0
dy
2y
{y[xA+ (1− x)B] + (1− y)C}3


6 s
     h	 dﬀfibgj Łk u jio)p%	
	Łbgfikv
	jio)p%	
	Łb p?jihxob	b	?p?jikv

|K~}1( Ziw=(Z88~>( }wQ}i 2

u4∫
Ax+B
ax2 + 2bx+ c
dx =
A
2a
lnC(ax2 + 2bx+ c) +
aB − bA
a
∫
dx
ax2 + 2bx+ c


6 t

8

∫
dx
ax2 + 2bx+ c
=
1
2
√
b2 − ac lnC1
ax+ b−√b2 − ac
ax+ b+
√
b2 − ac
(Z,iK$~
b2 − ac > 0
=
1√
ac− b2 arctan
ax+ b√
ac− b2 + C2
(Z,iK$~
b2 − ac < 0
= − 1
ax+ b
+ C3
(Z,iKﬂ~
b2 − ac = 0
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SU (3)
	 8
 | wQ}i~i 4~
Pi,~q   }Z
SU(3)
wQ}Z ,|ﬂ}Z8giKwQ}Z,|  z8y~}wQ}Z,| ~wQ|ﬂ}i8
[Qa, Qb] = i fabc Qc
	 8 z8,|i}wQ|ﬂ}i8 x}~z}~i
fabc
i,|ﬂ} }i,}wﬀZ:|ﬂ};wQ|$}Z }ﬂﬁﬂ~8 DwQ|ﬃZ8  | 4Zz88 !	 8 z8,|}wQ|ﬂ}i8
|,| |ﬂ~Z8(i,|ﬂ}Z8)~wQ|ﬂ}i8 "
f123 = 1
f147 = f246 = f257 = f345 = −f156 = −f367 = 1
2
f458 = f678 =
√
3
2
$
 $#4Z}i 8iKwQ}Z,|&% wQ|$}Zz8~}wQ}Z,|nw,2i$z 88mwQ~'#(nwQ}Zz88 ﬃ  "*) wQ||,+-ﬁﬂ~ i,|ﬂ}y~|
.
w,i /0% wﬀ
!1
.
i 2	 Z 
SU(3)
{λi, λj} = 4
3
δij + 2dijkλk
$
pwﬀBwQw43Z}85w,z}i~ix}i,}wﬀZ:|ﬂ}(6 }ﬂﬁ$~8
dijk
+ ,|ﬂ}7Z8xi~Z|,| |ﬂ~Z)i,|ﬂ}
d118 = d228 = d338 = −d888 = 1√
3
d146 = d157 = −d247 = d256 = d344 = d355 = −d366 = −d377 = 1
2
d448 = d558 = d668 = d778 = − 1√
3
.
 8

 8
u
   (   


 	c    
McJUYe
%
S[PlPSU\&O#S
%
^STPSZ%f'e[I
ΣK
L>^W
	zJfU'WYOBehS[^jehO#U\PSﬂUfWeJ(kfUe
k = (MK ,~0) (p1 + p2) = (
√
spi + ~P 2, ~P ) (p` + pν) = (
√
s` + ~P 2,−~P )
J(kSj]
|~P | = λ
1/2(M2K , spi, s`)
2MK
~P = |~P |(1, 0, 0)
McJUYe
%
S[PlPSU\&O#S
%
^STPSZ%f'e[I
Σpi
L>^S
%
JRZYJOPS[^STZO#fUYe^S
%
$\J\YUYJ
%
p1 = (
√
M21 + ~p
2, ~p) p2 = (
√
M22 + ~p
2,−~p)
~p = |~p|(cos θpi, sin θpi, 0)
|~p| = λ
1/2(spi,M
2
1 ,M
2
2 )
2
√
spi
BJX\&PdJUe l@f'P&Q Jz\Of'U^SBfPSU\[^S I
Σpi
LmI
ΣK
L`H
(ΛpiK)
µ
ν
^f'O \ﬁﬀ\&PSc\S
%$%
SﬂWS
(ΛpiK)

√
spi
0
0
0
 =

M2K+spi−s`
2MK
λ1/2(M2K ,spi,s`)
2MK
0
0

]

S_eh\ ﬃ ^O#P&S
ΛpiK =

M2K+spi−s`
2MK
√
spi
λ1/2(M2K ,spi,s`)
2MK
√
spi
0 0
λ1/2(M2K ,spi,s`)
2MK
√
spi
M2K+spi−s`
2MK
√
spi
0 0
0 0 1 0
0 0 0 1

McJUYe
%
S[PlPSU\&O#S
%
^STPSZ%f'e[I
Σ`
L>^S
%
JRZYJO#P&S[^S
%
SZ\fUYe,^S
%
$\dJz\YUYJ
%
p` = (
√
m2` +
~L2, ~L) pν = (
√
m2` +
~L2,−~L)
|~L| = s` −m
2
`
2
√
s`
~L = |~L|(− cos θ`, sin θ`, 0)
 8

J1\&PdJUe l@f'P&Q Jz\Of'Um^S Df'P&S_U'\ [^SqI
Σ`
Lﬁ I
ΣK
L[H
(Λ`K)
µ
ν
^fO\ ﬀ\&PS[WU  ehWYOkﬂO^

WUYS/P&f\J\&O#fU ^

JU 
%
S
−φ JW\fWP^S % J	S 0x \S %$% SﬂWS
(Λ`K)

√
s`
0
0
0
 =

M2K+s`−spi
2MK
−λ1/2(M2K ,spi,s`)2MK
0
0

]

Sje \   ^OPS
Λ`K =

1 0 0 0
0 1 0 0
0 0 cosφ sinφ
0 0 − sinφ cosφ


M2K+s`−spi
2MK
√
s`
−λ1/2(M2K ,spi,s`)2MK√s` 0 0
−λ1/2(M2K ,spi,s`)2MK√s`
M2K+s`−spi
2MK
√
s`
0 0
0 0 1 0
0 0 0 1

=

M2K+s`−spi
2MK
√
s`
−λ1/2(M2K ,spi,s`)2MK√s` 0 0
−λ1/2(M2K ,spi ,s`)2MK√s`
M2K+s`−spi
2MK
√
s`
0 0
0 0 cosφ sinφ
0 0 − sinφ cosφ

M;JUe
%
STP $l_P&S_U'\OS
%
I
ΣK
L \&f'W\&Sje
%
Sje>OQ1ZW
%
e&Of'UYee

j]$POk'SU\
kµ = (MK , 0, 0, 0)
pµ1 =
1
4MKspi
(
(M2K + spi − s`)(spi +M21 −M22 ) + λ1/2(M2K , spi, s`)λ1/2(spi ,M21 ,M22 ) cos θpi,
λ1/2(M2K , spi, s`)(spi +M
2
1 −M22 ) + λ1/2(spi,M21 ,M22 )(M2K + spi − s`) cos θpi,
2MK
√
spiλ
1/2(spi ,M
2
1 ,M
2
2 ) sin θpi, 0
)
pµ2 =
1
4MKspi
(
(M2K + spi − s`)(spi +M22 −M21 )− λ1/2(M2K , spi, s`)λ1/2(spi ,M21 ,M22 ) cos θpi,
λ1/2(M2K , spi, s`)(spi +M
2
2 −M21 )− λ1/2(spi,M21 ,M22 )(M2K + spi − s`) cos θpi,
−2MK√spiλ1/2(spi,M21 ,M22 ) sin θpi, 0
)


%
f'Pe>UYfWYe^j^WO:ehf'UYe
%
S_eZPf^WO\ee]J
%
JOPS_eNO#UkzJP&O:JU\e>^SBfPSU\[e&WOkzJU'\
(p1 + p2)
2 = spi (≡ P 2)
(p1 − p2)2 = (M
2
1 −M22 )2
spi
− λ(spi,M
2
1 ,M
2
2 )
spi
(≡ Q2)
(p1 + p2)(p1 − p2) = M21 −M22 (≡ PQ)
(p1 + p2)(k − p1 − p2) = 1
2
(M2K − spi − s`) (≡ PL)
(p1 − p2)(k − p1 − p2) = M
2
1 −M22
2spi
(M2K − spi − s`) +
λ1/2(spi,M
2
1 ,M
2
2 )λ
1/2(M2K , spi, s`)
2spi
cos θpi
(≡ QL)
McS[Z
%
WYeUfWe>f  \SUf'UYe>Zf'WP
%
S_eO#Q1ZW
%
ehO#fUYe
%
SZ\&fUYO WSje
pµ` =
1
4MKs`
(
(M2K + s` − spi)(s` +m2`) + λ1/2(M2K , spi, s`)(s` −m2`) cos θ`,
−λ1/2(M2K , spi, s`)(s` +m2`)− (s` −m2`)(M2K + s` − spi) cos θ`,
2MK
√
s`(s` −m2` ) cosφ sin θ`,−2MK
√
s`(s` −m2`) sinφ sin θ`
)
 8
r
pµν` =
1
4MKs`
(
(M2K + s` − spi)(s` −m2`)− λ1/2(M2K , spi, s`)(s` −m2`) cos θ`,
−λ1/2(M2K , spi, s`)(s` −m2`) + (s` −m2`)(M2K + s` − spi) cos θ`,
−2MK√s`(s` −m2` ) cosφ sin θ`, 2MK
√
s`(s` −m2`) sinφ sin θ`
)


%
fPde
(p` + pν`)
2 = s` (≡ L2)
(p` − pν`)2 = 2m2` − s` (≡ N2)
(p` + pν`)(p` − pν`) = m2` (≡ LN)
(k − p` − pν`)(p` − pν`) =
m2`
2s`
(M2K − spi − s`) + (1−
m2`
s`
)
1
2
λ1/2(M2K , spi, s`) cos θ` (≡ PN)
(p1 − p2)(p` − pν`) =
m2`(M
2
1 −M22 )
2spis`
(M2K − spi − s`)
+
m2`
2spis`
λ1/2(M2K , spi, s`)λ
1/2(spi,M
2
1 ,M
2
2 ) cos θpi
+
(M21 −M22 )(s` −m2`)
2spis`
λ1/2(M2K , spi, s`) cos θ`
+
λ1/2(spi ,M
2
1 ,M
2
2 )(s` −m2`)
2spis`
cos θpi cos θ`(M
2
K − spi − s`)
−λ
1/2(spi ,M
2
1 ,M
2
2 )(s` −m2`)√
spis`
sin θpi sin θ` cosφ (≡ QN)
µνρσL
µNνP ρQσ = 0123 [(p1 + p2)
0(p` + pν)
1 − (p1 + p2)1(p` + pν)0]
×[(p` − pν)2(p1 − p2)3 − (p` − pν)3(p1 − p2)2]
= −λ
1/2(M2K , spi, s`)
2
√
spis`
λ1/2(spi,M
2
1 ,M
2
2 )
spi
(1− m
2
`
s`
) sin θpi sin θ` sinφ
(≡< LNPQ >)
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s
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   b 8hgop?jihgoAr yoGhgjio)p
{
A,Aµ, Aµν
}
(M2) = −iµ4−D
∫
dDq
(2pi)D
{
1, qµ, qµν
}
(p− q)2 −M2 + i

S$\&\&S[O#U\ 'PJ
%
STe&ST]fQ1Z%fP&\&S[]$f'QRQ1S
∫
dq qD−1q−2
S\,^fU][]$fUﬂk'SP Sce&O
D < 2
a

UVP&S_QRZ
%
J']$S
%
S_eO#U\PdJ
%
S_eS_U 'WJz\&PS/^O#Q1SUYe&Of'UYeZYJPc^SjeO#U\ 'PJ
%
Sje>SU ^O#Q1SUYe&O#fU
D = 4−  WS % ]fU WS'a

U ]SPd]S^JUe WS
%
^fQ JO#US^S
D
]S$\h\SOU\  PdJ
%
S]$f'Uk'SP S jZYWO#efURlKJO\
%
SZP&f
%
f'U S_Q1SU\JUYJ
%
\&O WSkS_Pe
D = 4

D
$\dJU\WUS[kzJP&O:J  
%
ST]$fU\OUﬂWS'a


OU\  PdJ
%
S 
D
^O#QRS_UYe&Of'UYe/e&Sq^_]fQ1Z%f'e&Sg]$fQ1Q1S
dq0dD−1−→q a   OU\  PdJ % Sge&WP q0 Sje \X^S −∞  +∞ a BJ
ZPSQ1O _P&S $\JZS ]$f'UYehO:eh\&S 3lKJO#P&S7WUSnPf\dJz\Of'U ^S	 O:] 	 Zf'WPPSQ1Z
%
J]SP
%
OU\  PdJz\Of'U ehWP
%
J	ﬂS7P_S
%
ZYJP
%
O#U'\  'PJ\&O#fU e&WP
%
JSbO#Q J O#UYJOPS%]JP;fUnUSXPSU]$fU\P&S/ZJeT^SbZ

%
S
%
f'Pe WS
%
f'U lKJO\
%
JqP&f\Jz\Of'Un^S O#] 	ia


O#UYe&OUYfWYe>f  \&S_UfUYe
%
S_eN\PJUYehl@fPQ1J\&O#fUYe>e&WO#k(JU\&S_e
 ﬀﬂﬁﬃ "! #ﬀ$%ﬁ&ﬀ
=q0
<q0
#ﬀ('))ﬁﬃ*"! $%ﬀﬁ&
+
, ﬀ-.,
+0/
ﬃ.,
q0
q0 = ±(
√−→q 2 +m2 − i)
qµ(q0, q1, . . . , qD−1) → q˜µ(iq0,q1, . . . ,qD−1) I  a$#jL
q2 → − q˜2
dDq → idD q˜
BJXl@fU]`\&O#fURWUVZf'OU\,e

j]$PO \ﬁRZP _e&SU\/IKJ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SQ1S_U'\^S[kzJPO:J  
%
S
q − p→ q L>]$fQ1Q1S
A(M2) = −µ4−D
∫
dDq
(2pi)
D
1
(p− q)2 +M2 .

UW\&O
%
O:ehS
%
JXl@fPQbW
%
S I #,#a1LoS$\f'Uq\P&f'WkS
A(M2) = −µ4−D (M
2)
D
2 −1
(16pi2)D/4
Γ(1− D
2
)
 8
+
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]YJ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WS
D = 4−  YUfWYe>P  j]$POk'fUYe % Jbl@f'P&QXW % S;ZYPj] _^SU\&S[]$f'Q1QRS
A(M2) = − M
2
(4pi2)
(4piµ2
M2
)/2
Γ(

2
− 1).
M

JZP _e
%
J1P&S
%
J\&O#fU I #*#'a ﬂL Uf'WYeN\&PfWYkfUe
A(M2) = − M
2
16pi2
{
− 2

− 1 + γE − ln(4pi) + ln M
2
µ2
+O()
}
.
I

a1L
,fWYeﬁ_]$PO#P&f'UYeNZYJP
%
J ehWO\&S
%
JRl@fUY]$\&O#fURWUVZf'OU\,]$f'Q1QRS
A(M2) = −2M2λ− µM
µM =
M2
16pi2
ln
M2
µ2
I

a 'L
λ =
1
16pi2
{ 1
D − 4 −
1
2
[
ln(4pi) + 1− γE
]}
.
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UYe
%
S/]_J
%
]$W
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OUeN^O#JPdJQ1Q1S_e
%
O#Q
M21→M22
A(M21 )−A(M22 )
M21 −M22
=
A(M2)
M2
− 1
16pi2
.
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∫
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(a+ b cos θ)
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A+B cos θ + C sin θ cos(Φ− Φ2)
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1
2r2
(r2 −Q2)λ1/2(r2,m2` ,m2) sin θ2
−λ1/2(r2,m2` ,m2) cos θ2 = r2 +m2` −m2 + 2r2
s` −m2`
r2 −Q2
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∑
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ln(x− xρ,σ)− 2 ln(x − 1)− 2 ln(x + 1)
}
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√
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√
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+
1
z
β(Q2,m,MK±)
]
− ln
[
− 1
β(r2,m`,m)
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∑
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ln(x− xρ,σ)− 2 ln(x− 1)− 2 ln(x+ 1)
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∑
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∑
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∑
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